Cancer Imaging© The Author(s) 2024
https://doi.org/10.1186/s40644-024-00762-z

Review
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Abstract
Multimodal imaging unfolds as an innovative approach that synergistically employs a spectrum of imaging techniques either simultaneously or sequentially. The integration of computed tomography (CT), magnetic resonance imaging (MRI), single-photon emission computed tomography (SPECT), positron emission tomography (PET), and optical imaging (OI) results in a comprehensive and complementary understanding of complex biological processes. This innovative approach combines the strengths of each method and overcoming their individual limitations. By harmoniously blending data from these modalities, it significantly improves the accuracy of cancer diagnosis and aids in treatment decision-making processes. Nanoparticles possess a high potential for facile functionalization with radioactive isotopes and a wide array of contrast agents. This strategic modification serves to augment signal amplification, significantly enhance image sensitivity, and elevate contrast indices. Such tailored nanoparticles constructs exhibit a promising avenue for advancing imaging modalities in both preclinical and clinical setting. Furthermore, nanoparticles function as a unified nanoplatform for the co-localization of imaging agents and therapeutic payloads, thereby optimizing the efficiency of cancer management strategies. Consequently, radiolabeled nanoparticles exhibit substantial potential in driving forward the realms of multimodal imaging and theranostic applications. This review discusses the potential applications of molecular imaging in cancer diagnosis, the utilization of nanotechnology-based radiolabeled materials in multimodal imaging and theranostic applications, as well as recent advancements in this field. It also highlights challenges including cytotoxicity and regulatory compliance, essential considerations for effective clinical translation of nanoradiopharmaceuticals in multimodal imaging and theranostic applications.
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Abbreviations
	COVID-19
	Coronavirus disease 2019

	MRI
	Magnetic resonance imaging

	CT
	Computed tomography

	SPECT
	Single-photon emission computed tomography

	PET
	Positron emission tomography

	EPR
	Enhanced permeability and retention

	RPT
	Radiopharmaceutical therapy

	PSMA
	Prostate-specific membrane antigen

	GRP
	Gastrin-releasing peptide

	DOTA
	1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid

	HDL
	High-density lipoprotein nanoparticle

	
                              18F‐FDG
	2-Deoxy-2-[18F] fluoro-D-glucose

	HER2
	Human epidermal growth factor 2

	SIONPs
	Superparamagnetic iron oxide nanoparticles

	TEx
	Tumor cell-derived exosomes

	NIRF
	Near-infrared fluorescence

	QDs
	Quantum dots

	UCNPs
	Upconversion nanoparticles

	DSPE-PEG-FA
	1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000]

	CuNCs
	Copper nanoclusters

	PEG
	Polyethylene glycol

	HPAO
	3-(4-Hydroxyphenyl) propionic acid-OSu

	PTT
	Photothermal therapy

	PDT
	Photodynamic therapy

	MPS
	Mononuclear phagocyte system

	cGMP
	Current good manufacturing procedure

	US-FDA
	United States Food and Drug Administration

	USP
	United States Pharmacopeia

	RES
	Reticuloendothelial system

	SERS
	Surface-enhanced Raman scattering

	CuS-Fn NCs
	CuS-ferritin nanocages

	PAI
	Photoacoustic imaging

	CNPs
	Crosslinked nanoparticles

	MNPs
	Melanin nanoparticles

	CL
	Cherenkov luminescence

	CRET
	Cerenkov resonance energy transfer

	LSPR
	Localized surface plasmon resonance

	ID/g
	Injected dose per gram

	GSH
	Glutathione




Introduction
Cancer is a disease of continual, unregulated proliferation of cells, which may spread to distant organs in the body abruptly [1]. It continues to be the leading cause of death worldwide, despite the large number of studies and great advances seen during the past decade [2]. The coronavirus disease 2019 (COVID-19) pandemic has negatively affected the diagnosis and treatment of cancer in 2020 [3]. In fact, increased mortality was seen because of delays in diagnosis and treatment of cancers. Fear of COVID-19 exposure and reduced access to care because of health care setting closures were the most common causes of cancer deaths [4].
Since the early 1990s, molecular imaging has been developed as a non-invasive tool to visualize the biological functions and mechanisms of living organisms at molecular and cellular levels. Molecular imaging methods facilitate diagnosing the progress of different diseases, the biodistribution of drugs, in vivo molecular events, and evaluating metabolic processes in real time [5]. Various imaging techniques can be divided into two groups: anatomic/structural imaging and functional imaging. Anatomical imaging depicts the exact location and area of interest in the body, with particular properties related to the imaging method employed. On the contrary, functional imaging provides details on the molecular conditions of specific organs or tissues and represents the spatial distribution of physiological processes based on the particular imaging modality employed. Magnetic resonance imaging (MRI) with outstanding soft tissue contrast and x-ray computed tomography (CT) with high spatial resolution produce three-dimensional anatomic imaging without penetration depth concerns. Optical imaging (OI) and nuclear imaging (SPECT and PET) provide quantitative functional information on biological events at the molecular level [6–10]. Molecular imaging modalities have distinct advantages as well as inherent limitations (refer to Fig. 1). For instance, OI provides high sensitivity and fast data acquisition with low-cost contrast, yet it suffers from low penetration depth and high spatial resolution; MRI and CT have high spatial resolution but often achieve low sensitivity; SPECT and PET offer high sensitivity and strong penetration depth, but they have poor spatial resolution. Furthermore, clinical applications of CT, PET, and SPECT are limited due to the risks associated with ionizing radiation [11]. Table 1 summarizes the characteristics of each imaging modality.[image: ]
Fig. 1A schematic representation depicting various molecular imaging modalities is provided, along with their corresponding advantages and disadvantages

Table 1Characteristics of different molecular imaging modalities [12]


	Imaging modality
	Form of Energy Used
	Temporal Resolution
	Spatial Resolution
	Sensitivity
	Depth of Penetration
	Safety Profile
	Cost
	Clinical Translation

	Ultrasound (US)
	ultrasound
	Seconds-minutes
	0.01–0.1 mm
(few mm depth)
1–2 mm
(few cm depth)
	10–12 M
	mm-cm
	Good
	Low
	Yes

	CT
	X-rays
	Minutes
	50–200 µm (microCT)
0.5–1 mm (clinical)
	Not determined
	Limitless
	Ionizing radiation
	Medium
	Yes

	Optical fluorescence imaging (FI)
	Visible to infrared light
	Seconds-minutes
	2–3 mm
	10–9-10–12 M
	 < 1 cm
	Good
	Low–High
	Yes

	Optical bioluminescence Imaging (BLI)
	Visible to infrared light
	Seconds-minutes
	3–5 mm
	10–15-10–17 M
	1–2 cm
	Good
	Low
	No

	MRI
	Radio- frequency waves
	Minutes-hours
	0.01–0.1 mm
(small-animal MRI)
0.5–1.5 mm
(clinical)
	10–3-10–5 M
	Limitless
	No ionizing radiation
	High
	Yes

	SPECT
	Gamma rays
	Minutes
	0.5–2 mm (microSPECT)
7–15 mm
(clinical)
	10–10-10–11 M
	Limitless
	Ionizing radiation
	Medium–High
	Yes

	PET
	Annihilation photos
	Seconds-minutes
	1–2 mm (microPET)
6–10 mm
(clinical)
	10–11-10–12 M
	Limitless
	Ionizing radiation
	High
	Yes

	Photoacoustic imaging (PAI)
	near-infrared light or radiofrequency-wave
	Seconds-minutes
	10 µm to 1 mm
	Not determined
	6 mm to 5 cm
	Good
	Low
	Clinically Translatable




Multimodality imaging with two or more imaging techniques enables the combination of the strengths of individual modalities while overcoming their limitations. In particular, integration of structural and functional images with the utilization of incorporated single photon emission computed tomography/computed tomography (SPECT/CT) and positron emission tomography/computed tomography (PET/CT) has been indicated to be highly effective and useful [13–15]. A multimodal imaging approach ideally has the purpose of precisely visualizing the exact localization, metabolic activity of the target organ or tissue, and pathological mechanisms at the molecular level. Thus, it ensures enormous benefits for improving the diagnosis and therapeutic assessment of a disease [16].
Nanotechnology can generate new materials that act as valuable platforms for a wide range of applications, such as biosensing, bioimaging, nanomedicine, drug delivery, and nanotheranostics [17–22]. Nanoparticles propose great advantages to the field of multimodal imaging owing to their special features, including nanometer dimensions (1–100 nm), tunable imaging characteristics, and multifunctionality [23]. Based on the chemical compositions of nanoparticles, they are mainly classified into three categories: inorganic, organic, and carbon-based [24], as demonstrated in Fig. 2 Among all the properties of nanoparticles, size has a significant impact on tumor imaging. Nanoparticles show enhanced permeability and retention (EPR) effects in tumors due to their small size (see Fig. 3) [25]. These effects increase the local tumor concentrations of imaging agents. Moreover, blood circulation half-life, biodistribution, tumor targeting, and cellular uptake are remarkably associated with the size of nanoparticles [26]. One of the proposed procedures to gain quantitative information on the whole-body biodistribution is incorporating appropriate radionuclides in the nanoparticles [27, 28]. This approach is called "radiolabeling," and radioisotopes used for nuclear imaging and therapeutic purposes are listed in Table 2. The applications of radiolabeled nanoparticles as imaging probes have numerous benefits [28]. These nanoparticles amplify signals and improve contrast and sensitivity indices more than common radiotracers. Moreover, they can be easily conjugated with various biomolecules due to their large surface area for targeted cancer detection [29]. Furthermore, the novel concept of "nanotheranostics" emerged from the incorporation of both diagnostic and therapeutic moieties into one nanoplatform for improved targeted cancer management [30]. Generally, procedures used for radiolabeling nanoparticles are divided into four categories: a) chelator-based radiolabeling (indirect); b) direct bombardment of nanoparticles; c) chelator-free radiolabeling; d) mixture of nonradioactive and radioactive precursors used for the synthesis of nanoparticles [31]. Among these methods, chelator-free radiolabeling is a favorable choice because it can preserve the native physical features of nanoparticles, such as in vivo pharmacokinetics, surface charge, and particle size. Also, complicated conjugation chemistry is not required in chelator-free radiolabeling [32].[image: ]
Fig. 2Classification of nanoparticles based on the chemical composition in three division. 1) Organic nanomaterials; 2) Inorganic nanomaterials; 3) Carbon-based nanomaterials

[image: ]
Fig. 3Illustration of passive and active tumor targeting used in the field of nanomedicine. Passive targeting is achieved by unique properties of tumor tissues, in which blood vessels are commonly leaky due to their unorganized structure and ineffective lymphatic drainage. The key factor driving this strategy is EPR effect. Hence, nanoparticles enter to the tumor tissue more easily than other healthy tissues. Active targeting involves surface functionalization of the nanoparticles with targeting moiety that have high affinity and specificity to recognize and bind to receptor and markers on the surface of cancer cells. In this approach, actively guiding the nanoparticles to the desired tissues improves the efficiency of drug delivery and therapeutic effect, as well as, minimizing side effects

Table 2Representative radionuclides used for radiolabeling of nanoparticles used in cancer imaging and therapy [33, 34]


	Radionuclide
	Half-life
	Emission
	Energy (KeV)
	Application

	
SPECT


	
 99mTc
	6.02 h
	γ
	141
	Imaging

	
 67 Ga
	3.26 d
	γ
	93, 185, 296
	Imaging

	
 111In
	2.8 h
	γ, Auger electrons
	172,245
	Imaging/Therapy

	
 131I
	8.02 d
	γ, β−

	364, 606
	Imaging/Therapy

	
PET


	
 18F
	109.8 min
	β+

	634
	Imaging

	
 68 Ga
	67.7 min
	β+

	770, 1890
	Imaging

	
 64Cu
	12.7 h
	β−, β+

	579, 653
	Imaging/Therapy

	
 124I
	4.18 d
	β+, γ
	820, 1543, 2146
	Imaging

	
 89Zr
	78.4 h
	β+

	396.9 (ave), 900 (max)
	Imaging

	
Other


	
 177Lu
	6.7 d
	β−

	140
	Therapy

	
 188Re
	17.0 h
	β−

	795
	Therapy

	
 90Y
	2.7 d
	β−

	935
	Therapy

	
 32P
	14.3 d
	β−

	695
	Therapy




Cancer therapy includes various treatment strategies such as surgery, chemotherapy, radiotherapy, and immunotherapy. Different factors (i.e., cancer type, grade, and stage) influence the therapeutic approaches, either alone or in combinations, used for cancer patients [35]. Engineered smart nanocarriers for tumor diagnosis and therapy, known as theranostic agents, find great potential, particularly in radiopharmaceutical therapy (RPT). Primarily, β-emitting and mostly potent α-emitting radionuclides are used in targeted delivery of radiation [36]. RPT is a new therapeutic technique offering several advantages over other approaches for the treatment of cancer. In comparison to radiotherapy, in targeted RPT, the radiation is delivered systematically inside the body, and cytotoxic radiation directly influences tumor cells and their microenvironment. Moreover, unlike other existing therapeutic approaches, targeting therapeutic agents is possible by using PET and SPECT imaging modalities for precise detection of RPT delivery. Minimal cytotoxicity and acceptable efficacy were observed for RPT [37]. Also, fast responses, a single or at most five injection doses, and less severe side effects are associated with the administration of RPT compared to the chemotherapy approach.
In this review, we present the latest progress in the design and synthesis of radiolabeled nanomaterials (with at least one dimension below 100 nm) for in vivo dual/multimodality cancer imaging and nanotheranostic applications (Fig. 4). Moreover, we discuss toxicity issues, challenges, and opportunities for future trends in developing desirable radiolabeled nanoparticles for multimodal imaging and nanotheranostic, as cutting-edge technologies, in preclinical and clinical purposes of cancer diagnosis and therapy.[image: ]
Fig. 4Development of multifunctional nanoparticles for targeted multimodal cancer imaging and theranostic application. Nanoparticles are functionalized with multiple contrast agents, therapeutic agent, targeting moiety (e.g., small molecules, aptamers, peptide, and antibodies), and then radiolabeled with radionuclide for multimodal cancer imaging and therapy


Radiolabeling of nanoparticles for multimodal imaging and theranostic applications
Radiolabeling procedures are strategies used to attach radionuclides to nanoparticles. Many purposes can be achieved by this technique, such as understanding the biological behavior and pharmacokinetics of nanoparticles, non-invasive, real-time, and whole-body imaging, targeted therapy, and cancer image-guided therapy [38, 39]. The successful development of a radiolabeled nanoplatform basically relies on three divisions: 1) surface functionalization of the nanoparticle, 2) selection of an appropriate radioisotope, and 3) applying an efficient and reproducible radiolabeling procedure to combine Sections 1 and 2. An ideal radiolabeling method must be able to provide high radiochemical purity, good stability, and a simple, fast, low-cost, and robust strategy with minimal changes in the pharmacokinetic properties of nanoparticles. A radiation safety principle of "as low as reasonably achievable (ALARA)" represents guidelines for personal protection while working with radioactive materials [40], so it is preferred to do the radiolabeling process at the final step of construction. Here, we divide the radiolabeling strategies of nanoparticles for multimodality imaging and theranostic applications into two main categories, according to the use of chelators or not: 1) chelator-based radiolabeling 2) chelator-free radiolabeling (see Fig. 5).[image: ]
Fig. 5Radiolabeling of nanoparticles through two main strategies: chelator-based and chelator-free radiolabeling. Radionuclides and chelators typically used in radiolabeling of nanoparticles for multimodal cancer imaging and theranostic applications are depicted


Generally, most of the organic or inorganic nanoparticles were radiolabeled with chelator-based methods. Hence, the surface of the nanoparticles should first be covalently conjugated to an appropriate chelator [41, 42]. Different factors are associated with the selection of a particular chelator; the most important ones include the oxidation state and the physical properties of the radiometal ion [43]. The most common bifunctional chelators, which are linear or macrocyclic, are depicted in the Fig. 5. The formation of a stable coordination complex between nanoparticles and radiometal ion is required to avoid the detachment of radiometals from the nanoparticles, and it is possible via a strong binding of the radioisotope to the surface of the nanoparticles. Typically, this technique is applicable for nanoparticles, in which their surfaces are well-functionalized [44]. The considerable concerns in chelator-based radiolabeling are related to the multistep process needed for surface modification of nanoparticles with an appropriate bifunctional chelator, the increased time of production, as well as the alternation of physiochemical properties (i.e., the size, surface charge, and hydrophilicity of nanoparticles) after chemical modification with the chelator. Moreover, detachment of radiometal from the surface of nanoparticles might still be possible [31].
Chelator-free radiolabeling is a state-of-the-art approach that exploits the intrinsic physicochemical properties of nanoparticles. The revolution of this surface-based radiochemistry offers a great opportunity for the construction of radiopharmaceuticals for targeted multimodal imaging. In surface chemistry, the term "chemisorption" refers to the chemical binding of radioisotopes with functional groups on the surface of nanoparticles directly. Therefore, the chelator-free technique is a simple, fast, specific, and desirable alternative in which the physicochemical properties of nanoparticles are maintained without requiring a complicated surface-conjugated process with chelators [45]. Despite its advantages, chelator-free radiolabeling also presents certain limitations. Firstly, chelator-free methods avoid covalently linked chelators, but this means relying on the intrinsic properties of nanoparticles for radiolabeling. Surface modifications of nanoparticles significantly impact labeling yield. Some radioisotopes lack reliable molecular chelators, making it challenging to achieve stable labeling without them. The stability of chelator-free labeling varies across different radioisotope-nanoparticle combinations. Also, radiolabeling often requires harsh conditions (e.g., high temperatures, low or high pH) that may compromise nanoparticle stability. Maintaining stability during radiolabeling is crucial to prevent detachment of surface-bound labels. These issues can lead to inaccurate biodistribution imaging, affecting the reliability of results [42, 46].

Radiolabeled nanoparticles for dual/multimodal cancer imaging
PET/CT and SPECT/CT
Positron emission tomography-computed tomography (PET/CT) is a reliable method used for the diagnostic imaging of multiple types of human cancers. In 1998, PET/CT imaging was first introduced and integrated anatomical data obtained by CT with functional data from PET, increasing sensitivity and allowing more efficient disease detection [47].
Most early studies have focused on the use of prostate-specific membrane antigen (PSMA) or gastrin-releasing peptide (GRP) receptors, as small-molecule based targeted probes, for prostate cancer [48, 49]. These agents indicated rapid body elimination through renal clearance and led to limited tumor penetration. Therefore, a polymeric nanoparticle has gained attention from Pressly et al. to prepare a PET/CT tracer for prostate cancer [50]. An amphiphilic comb-like nanoparticle was prepared and loaded with C-atrial natriuretic factor to target the natriuretic peptide clearance receptor. For radiolabeling of the complex with 64Cu, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelator was used. The results of PET/CT imaging and biodistribution of the targeted and nontargeted 64Cu-Comb nanoparticles on the CWR22 prostate cancer tumor model revealed low renal clearance, prolonged blood pool retention, and improved tumor penetration and tumor uptake. The tuned physiochemical properties and biological behavior of this targeted radiolabeled polymeric nanoparticle make it a promising candidate for prostate cancer PEC/CT scans.
Recently, a PET/CT probe based on amphiphilic polymer nanoparticles that were radiolabeled with 68Ga was synthesized for sentinel lymph node metastasis imaging [51]. The enhanced stability and radiolabeling yield of nanoparticles were associated with the increased rigidity of the used ligands. In this work, the importance of regulating the chelation efficiency and rigidity of the coordination structure of 68Ga-labeled nanoparticles in comparison with small-molecule probe-based 68Ga was investigated. The PET/CT scans demonstrated that the best differentiation of normal lymph nodes from tumor-metastasized sentinel lymph nodes was only feasible with the strongest rigidity of coordination structure. In 2019, Miedema et al. reported the application of PET/CT imaging based on radiolabeled nanoparticles in patients with advanced solid tumors for the first time [52]. They used CPC634, which is composed of docetaxel entrapped in a stabilized nanosized core-cross linked polymeric micelles by a covalent bond. CPC634 improved the EPR effect and tumor accumulation of the drug in comparison to typically administered docetaxel. Five patients with solid tumors received 89Zr-desferal-CPC634 and whole-body PET/CT scans were acquired at certain time intervals. Information gained from biodistribution studies indicated consistent and high retention of 89Zr-desferal-CPC634 in tumors and confirmed the EPR effect of CPC634 in humans, which is important to develop therapeutic agents for targeted tumor treatment. Another clinical study of radiolabeled nanoparticles for PET/CT scans in patients with esophageal cancer was reported in 2022 [53]. 89Zr-labeled high-density lipoprotein nanoparticle (HDL) was intravenously administered to nine patients with adenocarcinoma or squamous cell carcinoma. The findings proved safe administration of 89Zr-HDL and demonstrated accumulation of the radiotracer in tumors. HDL nanoparticles might have a potential opportunity for the delivery of anti-cancer drugs in the future. 89Zr-HDL nanoparticles were also investigated as a PET/CT tracer to monitor the response to immunotherapy in mice [54].
Lung ventilation-perfusion PET/CT offers useful information for the evaluation of regional lung function. This approach has revealed hopeful potential in different clinical strategies such as pulmonary embolism, radiotherapy, and pre-surgical assessment in patients with lung cancer [55]. In this regard, the chemical composition and physical properties of 68Ga-carbon nanoparticles as ventilation PET/CT probes were investigated and compared to Technegas®, a common clinical method used in the analysis of regional lung ventilation function [56]. Other nanoparticles (i.e., gold and platinum) were radiolabeled with 2-Deoxy-2-[18F] fluoro-D-glucose (18F‐FDG) and 89Zr for PET/CT imaging of tumor-bearing mice through active and passive targeting [57, 58].
SPECT/CT dual-modal imaging was introduced in 1977 to combine the advantages and overcome the limitations of each technique. This well-established procedure has been extensively used for clinical diagnosis applications. Because of the slow speed of developing SPECT/CT imaging probes, it is necessary to develop novel and efficient SPECT/CT contrast agents to improve the diagnosis of various diseases and clinical decision-making strategies [59]. For this purpose, a poly(lactic acid)-polyethylene glycol copolymer nanoparticle was conjugated to PSMA and radiolabeled with 111In through a chelator-based strategy (111In-DOTA-PEG-alkyne) [60]. The in vivo SPECT/CT scans of 111In-labeled targeted nanoparticles and 111In-labeled untargeted nanoparticle in tumor bearing mice revealed a modest positive impact on prostate cancer localization due to active targeting made by conjugating PSMA to nanoparticles than untargeted nanoparticles. Moreover, Li et al. reported the synthesis of a cost-effective nanoprobe for targeted tumor SPECT/CT scan [61]. They used low generation dendrimers, which their surface was covalently functionalized with PEGylated folic acid and DTPA chelator. Then the complex entrapped gold nanoparticles and radiolabeled with 99mTc. This dual-contrast agent was tested for in vivo SPECT/CT imaging of cell-surface overexpressed folate receptor cancer in a mouse model.

PET/MRI and SPECT/MRI
Compared to PET/CT and SPECT/CT modalities, PET/MRI and SPECT/MRI, as the next generation of dual-modality imaging, have considerably improved the diagnostic process [62]. High spatial resolution, specificity, sensitivity, low dose of radiation, and soft-tissue penetration of MR imaging provide much more comprehensive information in comparison with CT [63]. Numerous magnetic materials, including Gd, Cu, Mn, Zr, and iron oxide, were used in the fabrication of PET/MRI probes [64–68]. Recently, Xie et al. developed a PET/MRI nanoprobe based on biocompatible melanin nanoparticles and 124I radionuclides [69]. WL12, a cyclic peptide with high affinity for programmed death protein ligand-1 (PD-L1), was selected for active targeting of cancer cells. PET/MRI imaging using this radiotracer in a mouse model with an A549 tumor demonstrated high tumor uptake and PD-L1-targeting, providing an excellent opportunity for PD-L1 therapy in patients with lung cancer.
Another PET/MRI and PET/CT modality of nanoprobes based on organic nanoparticles was constructed by Wen et al. [70]. Dopamine-melanin nanoparticles, which included biocompatible and biodegradable natural-produced dopamine, were used as a novel nanoplatform. The surface of nanoparticles was pegylated and loaded with a monoclonal antibody, trastuzumab. This antibody has a high affinity to target human epidermal growth factor 2 (HER2). The in vivo behavior and pharmacokinetics of this radiolabeled nanoprobe-(124I/64Cu, Mn)-Her-PEG-dMNPs were evaluated by PET/MRI and PET/CT imaging in patient-derived xenograft mouse models with gastric cancer. The valuable findings of this study indicated enhanced retention time of trastuzumab in tumors, low cardiac toxicity, and the possibility of following the therapeutic effect in real time via dual-modality imaging.
Radiolabeled superparamagnetic iron oxide nanoparticles (SIONPs) with various radionuclides have been greatly investigated for passive and active targeting with SPECT or PET/MRI imaging, particularly over the past decade [67, 71, 72]. Vascular endothelial growth factor A (VEGF-A) belongs to a glycoprotein family that can stimulate tumorigenesis when it is up-regulated. Bevacizumab, a recombinant humanized monoclonal antibody, inhibits angiogenesis by binding to VEGF-A and contributes to the treatment of various metastatic cancers [73]. In this respect, Tsoukalas et al. have developed a targeted radiotracer, 99mTc-labeled functionalized IONPs conjugated to bevacizumab, for SPECT/MRI imaging evaluation of VEGF-overexpressing in M165 tumor-bearing mice [74]. They proposed therapeutic radionuclide Rhenium-188, which shows similar chemical properties to 99mTc, for assessment of nanotheranostic potential of functionalized IONPs conjugated to bevacizumab.

PET/OI and SPECT/OI
In spite of the many advantages of OI, it suffers from low tissue penetration, which leads to poor quantification and limited clinical utility. Therefore, the complementary nature of radionuclide-based imaging modalities (SPECT or PET) and OI reinforces the efficacy of cancer diagnosis.
Human chimeric antigen receptor (CAR) T cell labeling allows dynamic monitoring of cell tracking, which is an enticing prospect in cancer therapy. Recently, Harmsen et al. reported a clinically translatable dual-modal PET/NIRF nanotag with outstanding results such as high radiolabeling and loading yield of nanoparticles, stable intracellular trapping, efficient delivery to cancer cells, and releasing [75]. Biocompatible fluorescent silica nanoparticles were radiolabeled with 89Zr and then labeled CAR T cells via heparin-protamine. All these major materials, including 89Zr, fluorescent silica nanoparticles, protamine, and heparin, have been proven for clinical use. This nanotag enabled CAR T cell tracking by PET/NIRF imaging up to one-week post-adoptive cell transfer in an ovarian peritoneal carcinomatosis model.
Tumor cell-derived exosomes (TEx) have emerged as a natural drug delivery nanoplatform due to their endogenous origin, nontoxicity, and biocompatibility. Their clinical translation for multimodal application is related to their surface functionalization; however, this process is still challenging due to their small size and complicated surface chemistry. For the first time, an exosome-based multimodal imaging agent (SPECT/NIRF) for colon cancer has been engineered by Jing et al. [76]. They used a simple, rapid, low-cast, and high-yield hydrophobic insertion approach to label TEx with fluorescent dye (Cy7) and 99mTc radionuclide without changing the morphology and natural properties of exosomes.
Quantum dots (QDs) are nanoscale inorganic fluorescent crystals with unique optical properties, including high quantum yield, high brightness, high stability, low photo-bleaching, size-tunable absorption, and emission spectra [77, 78]. PET/NIRF nanoprobe was prepared by radiolabeling QDs with 64Cu‌ through a chelator-based strategy and using RGD peptides as the targeting agent [79]. Moreover, optical nanocrystals (i.e., QDs, upconversion nanoparticles) have been encapsulated into mesoporous silica nanoparticles for imaging applications [80, 81]. In Chen et al.'s research, a novel PET/NIRF modality-based mesoporous silica nanoparticle was synthesized by conjugating a NIRF dye and a human/murine chimeric IgG1 monoclonal antibody on the surface of nanoparticles and radiolabeled with 64Cu [82]. Efficiently and specifically, tumor targeting and the pharmacokinetics of this dual-modal imaging agent were evaluated in 4T1 breast tumor-bearing mice.
Raman imaging is derived from the phenomenon of Raman scattering, which involves the inelastic scattering of photons by molecules that have been stimulated to higher energy states. Nevertheless, the Raman scattering signal poses a significant challenge due to its inherent weakness and the arduous task of its acquisition. This is primarily due to the scarcity of photons that undergo inelastic scattering, which accounts for a minuscule fraction of around one tenth of the total scattered photons. The initial investigation of surface-enhanced Raman scattering (SERS) was conducted by Fleischmann et al. [83]. Their study revealed that the Raman signal of pyridine molecules, when deposited on the surface of a nanoscale, rough silver electrode, exhibited a relatively high intensity. Additionally, they observed that alterations in the applied potential on the electrode resulted in corresponding changes in the intensity of the Raman signal. Following this, Jeanmaire et al. made the observation that the Raman signal experienced a substantial enhancement of around six orders of magnitude as a result of the surface roughness shown by nano-scale gold, copper, silver, and other similar materials [84]. Due to the distinctive characteristic of SERS, the utilization of SERS for imaging purposes is unaffected by autofluorescence, a prevalent obstacle encountered by alternative OI techniques [85]. Nevertheless, like other OI methodologies, the use of SERS is also impeded by its constrained ability to penetrate deeply into the sample. In order to address this issue, Wall et al. employed a discreet approach to develop a SERS nanoparticle tagged with 68 Ga for the purpose of conducting simultaneous PET and SERS imaging of tumors [46]. The PET-SERS nanoparticles were employed in several investigations, such as lymph node tracking, surgical guidance for lymph node excision, and cancer imaging subsequent to intravenous administration, serving as a proof-of-concept. The considerable concentration of PET-SERS nanoparticles in the reticuloendothelial system (RES) resulted in significant uptake in healthy RES tissues and comparatively decreased uptake in malignant tissues during both SERS mapping and PET imaging of liver tumors.

PET/PAI
Photoacoustic imaging (PAI) is a recently developed non-invasive biomedical imaging technique that relies on the photoacoustic phenomenon. When biological tissues are exposed to pulsed laser radiation, a portion of the absorbed energy is transformed into heat, resulting in periodic thermal contraction and expansion of the lighted tissues. This phenomenon leads to the generation of ultrasonic waves. PAI combines the advantageous contrast effectiveness of OI with the deeper penetrability of ultrasonic imaging. Consequently, PAI has the capability to offer high-contrast imaging of the intricate structure of tumors located deep inside the body. Additionally, PAI can provide valuable anatomical, functional, and metabolic details for the purpose of cancer detection [86, 87].
A variety of PAI contrast agents have been formulated and fabricated, including inorganic nanomaterials that include noble metals, boron nitride, and carbon-based nanomaterials, as well as organic nanomaterials comprising NIR-responsive tiny molecules as well as semiconducting polymeric nanostructures [88, 89]. In order to combine the excellent contrast and good spatial resolution of PAI with the quantitative capabilities of nuclear medicine imaging (NMI), some nanomaterials have been effectively tagged with radionuclides. This enables the utilization of dual-modality imaging, combining NMI and PAI, which has demonstrated exceptional diagnostic outcomes in both laboratory settings (in vitro) and living organisms (in vivo) [90–93]. The Cheng research group has produced innovative nanoprobes, namely Au tripods with a size smaller than 20 nm. These nanoprobes exhibit meticulously regulated shapes and possess distinct visible and near-infrared absorption properties [12]. The Au-tripods that were PEGylated underwent further conjugation with cyclic c(RGDfC) peptide, resulting in RGD-Au-tripods. These RGD-Au-tripods were then radiolabeled with radionuclide 64Cu. The purpose of this was to assess the effectiveness of tumor targeting and imaging in a subcutaneous αvβ3-positive U87MG glioblastoma xenograft model. Both PAI and PET demonstrated significant tumor accumulation and a pronounced contrast between the tumor and adjacent muscle tissues. In particular, the radioactivity accumulation in the tumor reached 7.9% ID/g after 24 h after injection, which was shown to be more than three times more than the accumulation seen in the blocking group (2.6% ID/g). The acquisition of functional and molecular data from the tumor was accomplished using PAI, which exhibited a strong correlation with the quantification achieved by PET and effectively addressed the limitations of PET's spatial resolution.
In a recent study, the Chen group documented the effective manufacturing of CuS-ferritin nanocages (CuS-Fn NCs) that included ultrasmall CuS nanoparticles within the cavity of Fn NCs [33]. These nanocages exhibited favorable biocompatibility, robust near-infrared absorbance, and pronounced photoacoustic contrast. The researchers utilized uniform CuS-Fn NCs that were radiolabeled with 64Cu as nanoprobes featuring dual-modality capabilities for PET/PA imaging. These nanoprobes were employed to visualize human glioblastoma U87MG-bearing nude mice, demonstrating excellent sensitivity and precise spatial resolution. Following intravenous administration, there was a consistent rise in the PA signal inside the tumor area, indicating a continual accumulation of CuS-Fn NCs. This observation was further validated by the utilization of 3D-PAI techniques. The results obtained from the quantitative analysis using PET were in agreement with the findings from the pharmacokinetic study, indicating that around 10% of the injected dose per gram (ID/g) of 64CuS-Fn NCs accumulated in the U87MG tumors after 8 h of administration. Subsequently, there was a little reduction in tumor uptake within 24 h. Furthermore, the use of CuS-Fn NCs in photothermal therapy has been facilitated by their notable photothermal conversion efficiency. The efficacy of these NCs in cancer treatment has been substantiated by their exceptional cancer therapeutic efficiency as well as their favorable biocompatibility, as demonstrated in both in vitro and in vivo experiments.

PET or SPECT /Cerenkov luminescence imaging
Cherenkov radiation refers to the phenomenon of electromagnetic radiation being produced when a charged particle traverses a dielectric medium at a velocity exceeding the phase velocity of light in that particular medium. For instance, some positron emitters such as 13N and 18F, as well as electron emitters like 90Y and 32P [34], exhibit detectable Cherenkov emission. Additionally, isotopes 131I and 18F have been successfully seen in human subjects to demonstrate their diagnostic utility [94, 95]. Nevertheless, the utilization of Cherenkov luminescence (CL) imaging is constrained by its restricted penetration depth, mostly attributed to its short wavelength. This limitation has prompted researchers to explore the integration of CL with NMI. It is noteworthy that nanomaterials such as carbon dots, upconversion nanoparticles, Au nanoparticles, and quantum dots have the ability to absorb Cherenkov light of short wavelengths released by radionuclides, then emit near-infrared light with longer wavelengths [96, 97]. The physical phenomenon under consideration is referred to as Cerenkov resonance energy transfer (CRET), which has garnered significant interest owing to its ability to penetrate deeper, exhibit a lesser background signal, and achieve higher levels of detection sensitivity [96]. The Chen research group successfully manufactured radioactive [64Cu]CuInS/ZnS QDs by integrating 64Cu into the CuInS/ZnS nanostructure. This development enables the utilization of CRET and PET techniques for luminescence imaging of U87MG glioblastoma xenograft tumors [98]. The findings indicated that the nanoprobe exhibited favorable luminescence imaging capabilities for malignancies without the need for external light stimulation. The results of the quantitative evaluation of PET images revealed that the uptake of tumors exhibited a notable rise, reaching a maximum value of 10.8% injected dose per gram (ID/g) at 18 h after injection.
Nanomaterials, including noble metals, including silver, gold, and platinum, have the capacity to absorb Cherenkov light because of the localized surface plasmon resonance (LSPR) effects. Consequently, these materials have promise for luminescence imaging by CRET. An instance of utilizing 64Cu as both the PET tracer and the energy donor to stimulate gold nanoclusters for generating NIR fluorescence signals has resulted in the development of 64Cu-doped gold nanoclusters. These nanoclusters have been employed for CRET and PET-based near-NIR imaging of U87MG tumor-bearing mice. Notably, the accumulation of radioactivity in the tumor reached a substantial level of 14.9% injected dose per gram (ID/g) after 40 h [97].

Multimodal imaging
In recent years, extensive efforts in preclinical biomedical research have been devoted to engineer novel multimodal imaging systems using functional nanoparticles to improve the accuracy and sensitivity of cancer detection at a very early stage. To design this multimodal imaging agent, upconversion nanoparticles (UCNPs), especially lanthanide-doped nanocrystals, have drawn great attention as a promising next generation of fluorescent nanoprobes. In these nanoparticles, near-infrared (NIR) radiation is converted to visible light by a mechanism called "upconversion luminescence". Therefore, UCNPs indicate exceptional chemical and optical properties, including the absence of autofluorescence and photoblinking, high photostability, narrow emission peaks, and low toxicity in comparison to common down-conversion fluorescent agents (i.e., fluorescent dyes, QDs) [99–102]. A biodegradable and potent pentamodal imaging nanoprobe based on fluoromagnetic UCNPs (NaGdF4:Yb,Er) was prepared, in which the apo-human serum transferrin protein was conjugated on the surface of nanoparticles to actively target the transferrin receptors overexpressed on various cancer cells [103]. The nanosystem was radiolabeled with 99mTc and demonstrated high radiochemical purity (∼95%) and excellent in vitro stability. For activation fluorescence and photothermal imaging, deep tissue penetration at the 980 nm wavelength was used to excite UCNPs. The Yb and Gd elements in the composition of nanoprobe have led to CT and T1-weighted MR imaging. Tumor accumulation, active targeting, renal clearance, and near-ideal in vivo behavior were confirmed using MRI/thermal-camera/SPECT/CT imaging in 4T1 tumor-bearing mice. Furthermore, UCNPs were coated with red blood cell membrane for upconversion fluorescence imaging (UCL)/MRI/PET imaging of triple-negative breast cancer-bearing mice [104]. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (DSPE-PEG-FA) was conjugated to cell membranes to enhance tumor targeting.
Since IONPs could serve as contrast agents in MRI, they are an attractive nanoplatform for the fabrication of multimodal imaging nanoprobes. In this respect, PET/NIRF/MRI, magnetomotive ultrasound, and PET/CT/MR imaging based on IONPs were developed, in which 64Cu and 68 Ga were used for radiolabeling, respectively [105, 106]. In the first study, IONPs were coated with human serum and labeled with Cy5.5 fluorescent dye. Biodistribution of the prepared trimodal imaging agent was assessed in a subcutaneous U87MG xenograft mouse model. The results indicated a prolonged circulation half-life, high accumulation in lesions, and low uptake of the radiotracer by macrophages at the tumor sites [105].
Recently, our group reported a novel multimodal imaging agent based on copper nanoclusters (CuNCs) [107]. Because of the intrinsic optical properties of nanoclusters, CuNCs were used as fluorescent agents and nanoplatforms to gather other contrast agents. Amino-modified silica-coated gadolinium-CuNCs were synthesized and conjugated to the AS1411 aptamer, then radiolabeled with 99mTc for fluorescence imaging, MRI, and SPECT/CT of 4T1 tumor-bearing BALB/c mice. The in vitro and in vivo studies revealed positive results about the prepared radiotracer, which made it interesting for future multimodality imaging applications (see Fig. 6).[image: ]
Fig. 6a Schematic representation of a procedure for synthesizing an innovative multimodal imaging agent. This process includes the synthesis of Gadolinium-Copper nanoclusters (GCuNCs), surface modification, AS1411 aptamer conjugation, and 99mTc radiolabeling. b and (c) are transmission electron microscopy (TEM) visuals and analysis of particle size of GCuNC and GCuNC@SiO2, respectively. d The Photoluminescence (PL) spectral analysis of both GCuNC@SiO2 and its aminated variant, GCuNC@SiO2-NH2. e Comprehensive imaging investigations on BALB/c mice with 4T1 tumors (located on the right flank) one hour post intravenous administration of Apt-ASGCuNCs. The figure illustrates: A The results from fluorescence imaging, B Images obtained from magnetic resonance imaging, C SPECT/CT images captured one hour post injection of 99mTc-Apt-ASGCuNCs without and (D) with the simultaneous administration of AS1411 aptamer (aptamer blocking). f The biodistribution pattern of 99mTc-Apt-ASGCuNCs across various tissues at two distinct time periods (measured in dose per gram of tissue and P-value < 0.05).  (Reproduced with permission from ref. [107])


A novel and very versatile nanoporphyrin platform has been successfully engineered, demonstrating exceptional capabilities in the simultaneous chelation of 64Cu2+ and Gd3+. This platform has great promise as a multi-modal imaging agent, offering combined PET/NIRF/MRI functionality [108]. The disulfide-crosslinked nanoparticles (CNPs) synthesized in this investigation were in an inactive condition while circulating in the bloodstream, hence reducing the level of fluorescence signal originating from the background. Following accumulation at the tumor site through the EPR effect, the CNPs faced dissociation as a result of disulfide bond breaking mediated by glutathione (GSH). Consequently, the fluorescent signal was triggered. As a result, the mean fluorescence signal of CNPs at the tumor location exhibited a 15.2-fold increase compared to the signal observed in muscle tissue and a 3.1-fold increase compared to non-crosslinked nanoparticles (non-CNPs) at the tumor site 24 h after injection. In a similar vein, the dissolution of gadolinium (III)-chelated CNPs at the tumor location facilitated the interaction between gadolinium ions and neighboring protons, leading to a notable enhancement in MRI contrast. In the field of PET imaging, it was shown that the accumulation of 64Cu-labeled nanoparticles in tumors reached its peak level 16 h after injection. Furthermore, the PET signal mostly originated from the tumor location, exhibiting an extremely low background signal after 24 h. The findings from these experiments collectively indicate the significant capabilities of nanoporphyrin as tri-modal imaging agents for tumor diagnosis, specifically in the context of PET/NIRFI/MRI. A novel nanoplatform has been created, utilizing ultra-small (< 10 nm) water-soluble melanin nanoparticles (MNPs), which possess a diverse array of clinically significant functionalities. This nanoplatform exhibits photoacoustic properties suitable for PAI as well as a high affinity towards specific metallic ions (Fe3+ for MRI and 64Cu2+ for PET) [109]. The MNPs were conjugated with a cyclic c(RGDfC) peptide, resulting in their ability to specifically target tumor cells that overexpress the αVβ3 integrin. This conjugation also led to a significant concentration of the MNPs in U87MG tumors. By integrating the physiological data obtained through PET with the whole-body imaging capacity, the functional and molecular information derived from PAI with its high spatial resolution, and the anatomical data provided by MRI, the PET/PAI/MRI technique allows for the non-invasive acquisition of molecular as well as anatomical details at various depths.
Bi2Se3 nanosheets decorated with FeSe2 nanoparticles (FeSe2/Bi2Se3) were utilized as a representative instance of tetra-modal imaging probes. These probes were radiolabeled with 64Cu to enable PET/MR/CT/PA multimodal imaging of tumor-bearing mice. The FeSe2 component of the probes demonstrated high r2 relaxivity, while the Bi2Se3 component exhibited X-ray attenuation ability. Additionally, the FeSe2/Bi2Se3 probes displayed strong NIR optical absorbance [110]. Following a 24-h post-injection period, notable changes were seen in several imaging modalities at the tumor locations. These changes included a surprising darkening effect in MRI, a considerable rise in Hounsfield unit values in CT, much stronger photoacoustic signals, and evident tumor contrast in PET. The consistent imaging results obtained in this study demonstrate the significant tumor absorption of FeSe2/Bi2Se3-PEG through the EPR effect. These findings underscore the potential applicability of two-dimensional composite nanostructures in the field of cancer imaging. In a recent study, the Cai group successfully created a tetramodal imaging nanoprobe for PET/fluorescence/CL/CRET imaging. This was achieved by assembling CuS nanoparticles onto the surface of hollow mesoporous silica nanoshells packed with porphyrin molecules labeled with 89Zr. The resulting nanoprobe exhibited the combined benefits of various imaging modalities, enabling the swift and precise identification of tumors [111].

Radiolabeled nanoparticles for theranostic applications
The application of nanoradiopharmaceuticals as biologically active nanoparticles labeled with diagnostic or therapeutic radionuclides opens a new horizon in the fields of radiopharmacy, nuclear medicine, and oncology [112]. In the modern healthcare management system, the application of radiopharmaceuticals has increased in different types of cancers and diseases and gained more and more attention from researchers. In 2002, the term theranostics’ as a single platform coupling both therapy and diagnostic imaging properties was introduced by Funkhouser et al. [113]. Some of the advantages of the theranostics system are better pharmacokinetics, higher cellular uptake, lower cytotoxicity, and simultaneous and targeted diagnosis and therapy. Therefore, the prediction of therapeutic response for a particular disease could be more accurate using the theranostic approach. Moreover, the term ‘personalized medicine’ was presented in medicine for the new paradigm of theranostics and summarized by the statement, "If you can see it, you can treat it" [114]. For the first time, 131I was used clinically for thyroid cancer and thyroid-related diseases like hyperthyroidism, and Grave’s in a theranostics approach almost 90 years ago.
Generally, radionuclides emit α, β−, β+ particles or γ-rays. β+ and γ-ray emitter radiotracers are responsible for diagnosis imaging, whereas α and β− emitters used for treatment of various diseases and malignancies. For SPECT imaging, 99mTc, 67 Ga, 111In, 123I and 131I are commonly used, whereas 18F, 64Cu,68 Ga, 89Zr and 124I are routinely applied for PET imaging. For therapeutic applications, two categories of radionuclides, β− emitting (Lutetium, Iodine, and Yttrium) and α-emitting ones (Radium, Actinium, Bismuth, and Astatine), are usually used [115, 116].
Individual radionuclides can be used for imaging and/or therapy based on the type of their emission. Moreover, certain combinations are reported and listed in Table 3 as theranostic pairs for both imaging and therapy. Numerous theranostic pairs have been developed for the diagnosis and treatment of various cancers, such as prostate cancer, neuroendocrine tumors, bone metastases, and glioblastoma [117–121]. Since radionuclides like 177Lu and 131I emit both β− and γ, they could be used as diagnostic and therapeutic agents simultaneously. Moreover, nuclear physicians and the pharmaceutical industry are increasingly intrigued by α-emitters, which hold promise for theranostic applications. Alpha emitters such as 211At, 213Bi/212Bi, 223Ra, 225Ac, and 227Th are currently under investigation in clinical settings. An intriguing isotope is 212Pb, which generates the alpha-emitting isotope 212Bi in vivo. For theranostic applications involving α-emitters, potential pairings include 68 Ga with 225Ac or 203Pb with 212Pb [36, 122, 123]. Furthermore, the nature of nanoparticles offers exceptional opportunities to bring drugs and theranostic radionuclide pairs together for synergistic therapeutic effects.
Table 3Examples of radiotheranostic pairs routinely used in nuclear medicine or under clinical studies


	Diagnostic radionuclide
	Radiopharmaceutical
	Therapeutic radionuclide
	Radiopharmaceutical
	Reference

	
99mTc
	DMSAaand MAG3b

	
188Re
	DMSAa and MAG3b

	 [124, 125]

	
68Ga
	PSMAc-11
	
177Lu
	PSMAc-617
	 [126, 127]

	
68Ga
	NeoBOMB1d

	
177Lu
	NeoBOMB1d

	 [128]

	
68Ga, 111In
	DOTATATE, DOTATOC
	
90Y/177Lu
	DOTATATE, DOTATOC
	 [129, 130]

	
64Cu
	Bombesin analog, PSMAc

	
67Cu
	Bombesin analog, PSMAc

	 [131, 132]

	
123I
	MIBGe

	
131I
	MIBGe

	 [133]

	
68Ga
	DOTATATE, DOTATOC
	
225Ac
	DOTATATE, DOTATOC
	 [134]

	
68Ga
	PSMAc-617
	
225Ac, 213Bi
	PSMAc -617
	 [135]

	
68Ga
	Pentixafor
	
177Lu
	Pentixafor
	 [135]

	
203Pb
	VMT-α-NET
	
212Pb
	VMT-α-NET
	 [136]



aDMSA: Dimercaptosuccinic acid

bMAG3: Mercaptoacetyltriglycine

cProstate-specific membrane antigen

dNeoBOMB1: Gastrin-releasing peptide receptor antagonist

eMetaiodobenzylguanidine



Iodine-131 (131I) is the most routinely used iodine radioisotope for radionuclide therapy and imaging of thyroid cancer and diseases due to its high affinity for collection in the thyroid gland. This radioisotope decays γ-rays and β− particles, which are responsible for SPECT imaging and therapeutic effects, respectively [137]. Theragnostic molecular probes labeled with 131I have been developed for different types of cancer treatment [138]. In a research, scientists prepared 131I-labeled polyethylenimine-entrapped gold nanoparticles for SPECT/CT imaging and radionuclide therapy [139]. The PEGylated polyethylenimine is conjugated to a tumor-specific ligand, which has high affinity and specifically binds to MMP2. 3-(4-hydroxyphenyl) propionic acid-OSu (HPAO) was used for 131I radiolabeling. The multifunctional nanoparticles were evaluated for targeted imaging and therapeutic effects on various MMP2-overexpressed tumors and indicated excellent theranostic potential. In 2022, researchers synthesized 131I-labeled bovine serum albumin-modified copper sulfide nanoparticles for SPECT/CT imaging, radiotherapy, and photothermal therapy (PTT) of anaplastic thyroid carcinoma [140]. In vitro and in vivo assessments demonstrated the low toxicity and good biocompatibility of this theranostic nanoprobe. Particularly, the results confirmed the potential of combined PTT and radiotherapy in inhibiting tumor growth compared to monotherapy. In a more recent study, a multimodal breast cancer theranostics nanosystem was reported for SPECT/NIRF dual-modal imaging, radiotherapy, PTT, and photodynamic therapy (PDT) [141]. For this purpose, a new category of organic optical nanomaterials, known as semiconducting polymer nanoparticles with unique optical properties and good biocompatibility, were used and radiolabeled with 131I. High diagnostic efficiency and therapeutic effects in inhibiting tumor growth, liver, and lung metastasis were observed.
Many other developed nanotheranostics platforms, in which 177Lu, 64Cu, 99mTc, 125I were used for radiolabeling, are listed in Table 4.
Table 4Recent radiolabeled nanoprobes for targeted cancer multimodal imaging and theranostic applications


	Class
	NPs type
	Targeting moiety
	Radionuclide /Chelator
	Multimodal Imaging
	Therapy
	Theranostic
	Reference

	
Organic NPs


	 	Melanin NPs
	Melanin
	
64Cu/ chelator-free
	PET/CT
	Radionuclide therapy
	Yes
	 [96]

	 	Semiconducting polymer NPs
	-
	
131I/ chelator-free
	NIRF/SPECT
	Radionuclide therapy
PTT
PDP
	Yes
	 [93]

	 	Tumor cell-derived exosomes
	Inherent targeting
	
99mTc/ chelator-free
	NIRF/SPECT
	-
	No
	 [67]

	 	Peptide NPs
	RGD-mitochondria targeting peptide (KLAK)
	
99mTc /DTPA
	NIRF/SPECT/CT
	Therapeutic potential
	Yes
	 [94]

	 	Metal − phenol Nps
	Folic acid
	
111In/ chelator-free

64Cu/ chelator-free
	SPECT/CT
PET/CT
	-
	No
	 [95]

	 	Hyaluronan-cholesteryl hemisuccinate NPs
	curcumin
	
99mTc/ TPGS
(D-a-tocopheryl polyethylene glycol succinate)
	SPECT/CT
	Chemotherapy
	Yes
	 [97]

	 	PEI-entrapped AuNps
	Buthus martensii Karsch chlorotoxin
	
131I /HPAO
	SPECT/CT
	Radionuclide therapy
	Yes
	 [91]

	
Inorganic NPs


	 	IONPs
	PSMA
	
68Ga/DOTA
	PET/MRI
	-
	No
	 [61]

	 	IONPs
	Bevacizumab
	
99mTc/ DMSA (dimercaptosuccinic acid)
	SPECT/MRI
	-
	No
	 [65]

	 	Silica NPs
	CAR T cells
	
89Zr/ chelator-free
	PET/NIRF
	-
	No
	 [66]

	 	Silica NPs
	α-melanocyte stimulating hormone
	
177Lu-DOTA
	SPECT
	Radionuclide therapy
	 	 [99]

	 	CuNCs
	AS1411
	
99mTc/ chelator-free
	MRI/FI/SPECT/CT
	-
	No
	 [82]

	 	UCNPs
	apo-human serum transferrin protein
	
99mTc/ chelator-free
	IRTI/CT/MRI/SPECT
	-
	No
	 [78]

	 	UCNPs
	Trastuzumab
	
177Lu/ chelator-free

68Ga/ chelator-free
	NIRF /SPECT/PET
	Radionuclide therapy
	Yes
	 [100]

	 	Copper sulfide NPs
	Cyclic RGDfK peptide
	
64Cu/ chelator-free
	PET/CT
	photothermal ablation therapy
	Yes
	 [98]

	 	Copper sulfide NPs
	Cell Membrane:
	
99mTc/ chelator-free
	SPECT/CT/PA
	PTT
	Yes
	 [101]





Toxicity and challenges regarding the clinical translation of radiolabeled nanoparticles
In the past ten years, a number of radiolabeled nanoparticles have been suggested for the purpose of utilizing PET imaging to detect cancer in preclinical settings [31]. Despite the collective research endeavors conducted worldwide, with the exception of silica nanoparticles known as Cornell dots, the integration of radiolabeled nanoparticles into clinical practice has been limited thus far [142]. These challenges arise primarily due to the complexities associated with attaining desirable pharmacokinetic characteristics, ensuring consistent homogeneity of nanoparticles, and addressing problems related to radiochemical stability, toxic effects, biodegradation, and clearance. Moreover, the clinical translation of radiolabeled nanoparticles is impeded by many technological and regulatory challenges. Within this section, we have examined the primary obstacles encountered by radiolabeled nanoformulations and the distinct concerns that arise from a clinical or translational perspective.
Biological challenges
The biological distribution of radiolabeled nanostructures often exhibits a limited distribution inside the specific compartment in which they are delivered. When provided in a localized manner, these substances have a tendency to remain in the vicinity of the injection site and are subsequently eliminated gradually through the process of lymphatic drainage. Nevertheless, this methodology is constrained to surface-level malignancies, therefore exhibiting a restricted range of applicability. When administered orally, nanoparticles primarily reside in the gastrointestinal system and are eliminated by fecal excretion. The tumor-targeting efficacy of radiolabeled nanoparticles delivered via this technique is often modest, thereby limiting their utilization for cancer NMI. Intravenous injection is the predominant method of administering radiolabeled nanoparticles, which has gained widespread acceptance in the scientific community. Following intravenous administration, the uptake of radiolabeled nanoparticles takes place in tumors, which are usually defined by fenestrated endothelium and higher vascular permeability. This uptake is influenced by factors including charge, hydrodynamic diameter, and surface properties (e.g., the presence of a "stealth" coating like PEGylation) [143]. Additionally, sites of inflammation also exhibit uptake of these nanoparticles [144]. One significant drawback of this methodology is its limited capacity to achieve a high tumor-to-background ratio, mostly attributed to the non-specific absorption of radiolabeled nanomaterials into healthy organs like the spleen and liver.
The mononuclear phagocyte system (MPS) is comprised of a network of phagocytic cells mostly located in the spleen, liver, and lymph nodes. Upon injection, these cells, particularly macrophages, promptly sequester nanoparticles. This process leads to significant and fast absorption in these organs. The process of sequestration is initiated by the opsonization of nanoparticles, which entails the adsorption of plasma proteins onto the surface of radiolabeled nanomaterials [144]. The development of the protein coating surrounding nanoparticles is contingent upon several parameters, encompassing the size of the nanoparticles, their hydrophobic properties, surface charge, and surface chemistry. Following the process of protein adsorption, the radiolabeled nanoparticles exhibit targeted binding to receptors located on the exterior membrane of phagocytes. Following this, the nanoparticles that have been tagged with radioisotopes are taken up by cells, transferred to phagosomes, and then merged with lysosomes. Furthermore, the opsonization process frequently impacts active-targeting techniques for radiolabeled nanoparticles, as it leads to the masking of targeting ligands by attached proteins on the nanoparticle surface. Consequently, this results in a notable decrease in the specificity of the nanoparticles. Furthermore, the liver and spleen exhibit significant absorption and extended retention of nanoparticles, leading to notable toxicity concerns for specific inorganic nanoparticles, like 64CuS nanoparticles [144, 145]. This topic is of considerable importance and warrants attention. In order to overcome this constraint, PEG is extensively employed for the purpose of modifying the surface of nanoparticles, owing to its documented attributes of "stealth" features and biological compatibility exhibited by the PEGylated nanoparticles [143]. The prevailing belief is that PEGylation increases the duration of nanoparticle circulation and leads to a substantial decrease in opsonization. Consequently, this results in improved absorption of radiolabeled nanoparticles in tumors through both passive targeting (the EPR effect) and active targeting mechanisms. Nevertheless, a number of conflicting studies have demonstrated limited, and in some cases, adverse, outcomes associated with PEGylation. These investigations have provided evidence that the process of PEGylation leads to a notable decrease in the internalization of nanoparticles by certain cells, promotes stronger binding of the nanoparticles to proteins in the bloodstream, and initiates an immune response that assists in the swift elimination of the nanomaterials from the biological system [146]. Hence, it is postulated that the extensive dependence on PEGylation in the utilization of radiolabeled nanoparticles for cancer imaging could hinder their advancement towards clinical use.
The biodistribution of radiolabeled nanoparticles in several organs, such as the liver, lungs, kidneys, and spleen, is influenced by factors such as their shape, size, and surface charge (see Fig. 7). The size of nanoparticles has a significant impact on several biological processes, characterized by certain size thresholds. These processes encompass the duration of nanoparticle circulation inside the body, the ability to penetrate leaky blood vessels, and the absorption of nanoparticles by macrophages. Hence, it is imperative to fabricate nanoparticles possessing exact dimensions and exhibiting great monodispersity. For instance, nanoparticles possessing hydrodynamic dimensions smaller than 5 nm demonstrate rapid renal clearance following intravenous administration, resulting in reduced toxicity in comparison to larger nanoparticles [144]. The endothelial layer in the liver has a non-continuous structure and contains vascular fenestrations that have a size range of 50–100 nm. This characteristic of the liver endothelium results in the non-specific accumulation of nanoparticles that are larger in size. Moreover, the process of splenic filtration is responsible for the retention of particles larger than 200 nm. This is mostly attributed to the dimension range of interendothelial cell slits, which typically fall between 200 and 500 nm. In general, nanoparticles with an average hydrodynamic diameter of around 100 nm exhibit prolonged circulation throughout the body. An extended circulation half-life of radiolabeled nanoparticles is expected to enhance their propensity to extravasate through fenestrations throughout tumor vasculature, which exhibit a size range of 380–780 nm. The diverse geometries of the nanoparticle manifest distinct flow properties that substantially alter the duration of circulation for radiolabeled nanoparticles, interactions with cell membranes, and absorption by macrophages, thereby impacting the dispersion of nanoparticles across several organs (see Fig. 7) [144]. The presence of surface charge on nanoparticles is a result of unique surface chemistries. This surface charge has implications for circulation half-life, opsonization, and how they interact with resident macrophages in organs that comprise the MPS (see Fig. 7) [144]. Positively charged nanoparticles have a higher susceptibility to sequestration by macrophages throughout the liver, lungs, and spleen. Conversely, nanoparticles with a neutral or slightly negative charge have extended circulatory half-lives, resulting in reduced accumulation within the MPS organs [144].[image: ]
Fig. 7The biodistribution of radiolabeled nanoparticles is influenced by their shape, size, and surface charge. These factors play a crucial role in determining how these nanoparticles are distributed across various organs, such as the lungs, liver, kidneys, and spleen. This feature has significant importance in the context of their potential clinical applications


The field of tumor targeting based on nanoparticles has been significantly influenced by the EPR effect in tumors [147]. However, it has been observed that the magnitude of this phenomenon varies dramatically depending on the level of tumor vascularity. Moreover, the EPR effect is often observed by the absorption of radiolabeled nanoparticles in the vasculature of tumors. However, it is important to note that interstitial fluid pressures may still prevent the movement of nanoparticles into specific target areas. Moreover, it is important to note that while the EPR effect has been extensively demonstrated in preclinical research using small animal models, there is a lack of comparable data in clinical trials involving people. The clinical translation of radiolabeled nanoparticles is hindered by this significant challenge [144, 148]. A further concern pertaining to disparities between human and animal trials is the optimization of the quantity of targeting ligands present on a nanoparticle. In general, there may be a lack of correlation observed between numerical values in tiny animals and people, as well as between two individuals within the human population [144]. Furthermore, it is worth noting that in the majority of preclinical investigations, the in vitro radiochemical stability assessments of radiolabeled nanoparticles are conducted in a manner that lacks consideration for the actual biological environments, which would typically contain appropriate concentrations of biological chelators.
One further significant concern pertaining to nanoparticles involves the assessment of their biological destiny and enduring biocompatibility. Despite several preclinical investigations that have shown biodistribution, cellular interactions, and elimination of radiolabeled nanoparticles, the lack of standardization in experimental circumstances prevented the normalization of these findings [148]. Hence, the overall findings of this research were unable to be substantiated, even within the preclinical domain. Recent results indicate that the biodegradability and biocompatibility of nanoparticles when delivered in vivo are influenced by several design characteristics, such as size, shape, charge, and porosity [144, 148]. Consequently, it is imperative to conduct analytical evaluations of these parameters at both the preclinical and clinical stages, as applicable, in order to acquire essential data regarding the toxicity, biodistribution, and biological compatibility of radiolabeled nanoparticles. This is crucial for optimizing their potential for success in clinical applications. Moreover, it is imperative to conduct comprehensive dosimetry investigations prior to the administration of therapeutically significant quantities of radiolabeled nanoparticles in human subjects, specifically for the purpose of PET imaging in cancer patients. In order to enhance the accuracy and reliability of dosimetry investigations, it is imperative to incorporate comprehensive kinetic modeling and distribution analyses that elucidate the impact of the physicochemical and biological characteristics of radiolabeled nanoparticles.

Regulatory and technological challenges
In order to guarantee the clinical effectiveness of future radiolabeled nanoparticle formulations, it is crucial to implement various methodologies that tackle the significant technological challenges associated with these nanoparticles. These challenges include process optimization, scaled-up synthesis, quality control, efficiency predictions, and quality assurance. Addressing these challenges through appropriate methods is imperative. In addition, it is imperative to adhere to current good manufacturing procedure (cGMP) compliance during the creation of radiolabeled nanoparticles for human use. This is necessary to verify that the quality of the finished product aligns with the specified acceptance criteria. The standards governing the manufacturing of molecular imaging agents in accordance with current cGMP, as specified in the Code of Federal Standards, have been authorized by the United States Food and Drug Administration (US-FDA). The primary objective of enforcing cGMP is to prevent patients from being exposed to potential risks arising from insufficient quality and safety measures. Additionally, it aims to promote uniformity in the implementation of regulatory standards. Any departure from the authorized procedure of preparation would necessitate substantial validation prior to the utilization of the treatment on patients. The sterile compounding requirements outlined in the United States Pharmacopeia (USP) < 797 > provide a set of minimum practices and quality standards that are legally binding. These standards are designed to govern the creation of compounded sterile medicinal products, taking into account the most up-to-date scientific knowledge and adhering to the best practices in sterile compounding [149].
The pursuit of cGMP compliance in the manufacturing of radiolabeled nanoparticles is an appealing concept, yet it presents significant challenges. These challenges encompass the need for highly skilled personnel, the utilization of controlled substances and procedures, the availability of appropriate equipment, the synthesis and radiolabeling of nanoparticles within designated clean environments, the implementation of validated processes and analytical techniques, comprehensive documentation of the entire process, registering the usage of the radiolabeled agent with national or regional health authorities, and the authorization for human use by qualified individuals. In preclinical settings, the production and radiolabeling of nanoparticles are often performed using manual procedures. Nevertheless, the implementation of this methodology for extensive clinical applications presents significant challenges. Hence, it is advisable to contemplate the utilization of automated synthesis modules owing to the subsequent benefits: 1) provision of resilient and replicable synthesis of the radiolabeled nanoparticles; 2) mitigation of operator involvement, thereby minimizing operational inaccuracies; 3) assurance of radiation safety; 4) facilitation of compliance with cGMP and provision of comprehensive traceability of the process, a crucial aspect given the substantial regulatory obligations; and 5) mitigation of the likelihood of bacterial contamination of the radiolabeled agent, a significant consideration in the context of clinical application. It is crucial to acknowledge that, despite the commendable qualities of an automation strategy, thorough examination and justification of each operational step's requirements are imperative throughout the implementation of the automation process. This is because every step directly influences the entire cost of the module. In addition, the automation process presents the issue of adapting the module to accommodate new procedures that are based on emerging nanoplatforms or novel radioisotopes. This adaptation must be achieved while ensuring complete automation and adherence to the rules set out by cGMP. However, for optimal efficacy in overcoming specific regulatory obstacles, it is imperative to tailor automated synthesis modules to conform with the unique legislative, regulatory, and institutional frameworks of the local context.




Conclusion and perspectives
The concept of employing numerous modalities during a single imaging session arises from the observation that modalities characterized by high sensitivity tend to exhibit suboptimal resolution, whereas those with high resolution often have diminished sensitivity [150]. The advent of hybrid technologies for imaging has spurred significant endeavors in the creation of probes aimed at enhancing the advantages of hybrid instrument technology [13, 151]. Consequently, a diverse range of nanoparticle formulations have been created to facilitate the non-invasive visualization of tumors and capitalize on the exploitable attributes specific to cancer [152].
Despite the considerable increase in the utilization of radiolabeled nanoparticles for multimodality tumor imaging in recent years, the majority of investigations conducted so far have been primarily focused on establishing the feasibility of this approach. Consequently, more research endeavors are imperative to facilitate the transition of radiolabeled nanoparticles from the experimental stage to clinical implementation in the foreseeable future. There are a number of crucial concerns that deserve attention in relation to the advancement of radiolabeled nanoparticles. The primary obstacle encountered in in vivo imaging is the absorption of radiolabeled nanoparticles by the reticuloendothelial system (RES) organs, including the liver and spleen. The physicochemical characteristics, including dimensions, adaptability, hydrophobicity, and surface charge, of nanoparticles have a significant impact on their distribution throughout an organism and their removal from the body. Nanoparticles that possess a rigid and globular shape and have a size smaller than 6 nm have the capability to be eliminated via the renal pathway. Specifically, nanoparticles ranging from 4–8 nm in size are promptly cleared from the bloodstream by the reticuloendothelial system, resulting in fast accumulation inside the spleen and liver and subsequent elimination via the hepatobiliary pathway [153]. Therefore, it may be inferred that nanoparticles with smaller sizes will exhibit less absorption of RES, leading to improved imaging characteristics. Furthermore, the separation of the radionuclide (usually in the form of a metallic ion) from the chelator or the detachment of the radionuclide-containing polymeric coating from the nanoparticle might result in substantial accumulation in healthy organs and diminish the particularity of the radiolabeled nanoparticles. The consideration of a radionuclide-chelator combination with improved in vivo stability is necessary. It is often necessary to conduct meticulous in vitro tests to assess the durability of radiolabeled nanoparticles before proceeding with in vivo research. Furthermore, in order to enhance the selective binding of radiolabeled nanoparticles to the tumor site, careful selection of targeting moieties, including peptides and antibodies, is necessary [154]. Additionally, a thorough investigation of the physicochemical features of nanoparticles, including size and surface charges, is crucial. In addition, it is imperative to give due consideration to the cellular toxicity of nanoparticles while designing radiolabeled nanoparticles for the purpose of multimodality tumor imaging. Nanoparticles exhibiting significant cellular toxicity are unlikely to be considered for therapeutic investigation. Certain inorganic nanoparticles composed of metallic elements, like gadolinium and cadmium (e.g., quantum dots), have been identified as having hazardous properties [155]. Certain carbon-based nanoparticles also exhibit biological toxicity [156]. Prior to the administration of nanoparticles for tumor diagnostics in humans, it is imperative to conduct thorough investigations into the possible toxicity of these nanoparticles. Generally, there is a greater preference for biocompatible materials, particularly those derived from the human body, in comparison to heavy metals when considering their suitability for human applications.
As previously stated, the process of developing radiolabeled nanoparticles is not straightforward. The utilization of sophisticated chemical approaches is expected to maintain its significance in the conceptualization and advancement of radiolabeled nanoparticles for the purpose of multimodality tumor imaging. One illustrative instance is the utilization of "click chemistry," [157] which provides a framework for the implementation of broad, adaptable, and efficient synthetic conversions in order to fabricate a wide array of molecules with high yields. The modular nature of click chemistry enables the precise adjustment of the pharmacokinetic and pharmacodynamic characteristics of imaging probes. Click chemistry has demonstrated its superiority in meeting several requirements, such as selectivity, biocompatibility, yield, and stereospecificity. Significant advancements have been achieved in the catalyst-free variation of azide-alkyne click chemistry due to recent developments in this field. The activation energy for the cycloaddition process is reduced by the release of ring strain within a cycloalkyne precursor, enabling the ligation to be carried out with excellent effectiveness in the absence of a catalyst [158, 159]. The utilization of click chemistry is anticipated to increasingly emerge as a conventional approach in the foreseeable future, including a diverse array of applications pertaining to the fabrication of radiolabeled nanoparticles.
It is noteworthy to emphasize that radiolabeled nanoparticles have the potential to be produced and utilized not only for the purpose of tumor diagnostics but also as therapeutic agents, commonly referred to as "theranostics" [160]. The field of nanomedicine has made significant advancements in utilizing tumor-targeted nanoparticles for the purpose of delivering radionuclides in a precise way. This approach aims to enhance the effectiveness and safety of cancer imaging and therapy. The utilization of radiolabeled nanoparticles following their conjugation with suitable chemotherapeutic agents enables the acquisition of imaging data and facilitates the monitoring of delivery kinetics, tumors, and medication effectiveness. This approach holds promise for enhancing treatment regimens by improving therapeutic efficacy while minimizing harm to healthy tissues. It is foreseeable that theranostic medicines based on radiolabeled nanoparticles will assume significant roles in the forthcoming years in the domains of cancer detection, early-stage anti-cancer medication development, and the formulation of cancer therapy plans.
In conclusion, it is imperative to devise innovative ways that may be employed to ascertain cancer with heightened sensitivity and enhanced predictive efficacy. The utilization of radiolabeled nanoparticles has demonstrated significant potential as molecular probes for the purpose of multimodal tumor imaging. It is anticipated that the utilization of quantitative multimodality imaging, employing newly developed radiolabeled nanoparticles, would enable the exact and accurate evaluation of biological indicators in cancer in a timely way. Consequently, this advancement will facilitate the progression towards customized cancer medication.

Authors’ contributions
A.N and M. SA contributed to the conceptualization of this review. The first draft of the manuscript was written by A.N and M.A. All authors revised and commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Funding
Authors state no funding involved.

Availability of data and materials
Not applicable.

Data availability
No datasets were generated or analysed during the current study.

Declarations
Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.


References
	1.
Ou FS, Michiels S, Shyr Y, Adjei AA, Oberg AL. Biomarker Discovery and Validation: Statistical Considerations. J Thorac Oncol. 2021;16:537–45.
PubMedPubMedCentral


	2.
Anand P, Kunnumakkara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai OS, Sung B, Aggarwal BB. Cancer is a preventable disease that requires major lifestyle changes. Pharm Res. 2008;25:2097–116.
PubMedPubMedCentral


	3.
Al-Quteimat OM, Amer AM. The Impact of the COVID-19 Pandemic on Cancer Patients. Am J Clin Oncol. 2020;43:452–5.
PubMed


	4.
Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics. CA Cancer J Clin. 2022;72(2022):7–33.
PubMed


	5.
Frangioni JV. In vivo near-infrared fluorescence imaging. Curr Opin Chem Biol. 2003;7:626–34.
PubMed


	6.
Zhu D, Liu F, Ma L, Liu D, Wang Z. Nanoparticle-based systems for T(1)-weighted magnetic resonance imaging contrast agents. Int J Mol Sci. 2013;14:10591–607.
PubMedPubMedCentral


	7.
Fani M, Maecke HR, Okarvi SM. Radiolabeled peptides: valuable tools for the detection and treatment of cancer. Theranostics. 2012;2:481–501.
PubMedPubMedCentral


	8.
Dobrucki LW, Sinusas AJ. PET and SPECT in cardiovascular molecular imaging. Nat Rev Cardiol. 2010;7:38–47.
PubMed


	9.
Lee N, Choi SH, Hyeon T. Nano-sized CT contrast agents. Adv Mater. 2013;25:2641–60.
PubMed


	10.
Garcia EV. Physical attributes, limitations, and future potential for PET and SPECT. J Nucl Cardiol. 2012;19(Suppl 1):S19-29.
PubMed


	11.
Hussain T, Nguyen QT. Molecular imaging for cancer diagnosis and surgery. Adv Drug Deliv Rev. 2014;66:90–100.
PubMed


	12.
Cheng K, Kothapalli S-R, Liu H, Koh AL, Jokerst JV, Jiang H, Yang M, Li J, Levi J, Wu JC, Gambhir SS, Cheng Z. Construction and validation of nano gold tripods for molecular imaging of living subjects. J Am Chem Soc. 2014;136:3560–71.
PubMedPubMedCentral


	13.
Jennings LE, Long NJ. ‘Two is better than one’—probes for dual-modality molecular imaging. Chem Commun. 2009:3511–24. https://​doi.​org/​10.​1039/​B821903F.


	14.
Schillaci O. Hybrid SPECT/CT: a new era for SPECT imaging? Eur J Nucl Med Mol Imaging. 2005;32:521–4.
PubMed


	15.
Townsend DW. A combined PET/CT scanner: the choices. J Nucl Med. 2001;42:533–4.
PubMed


	16.
Moseley M, Donnan G. Multimodality imaging: introduction. Stroke. 2004;35:2632–4.



	17.
Chen G, Roy I, Yang C, Prasad PN. Nanochemistry and Nanomedicine for Nanoparticle-based Diagnostics and Therapy. Chem Rev. 2016;116:2826–85.
PubMed


	18.
Lim EK, Kim T, Paik S, Haam S, Huh YM, Lee K. Nanomaterials for theranostics: recent advances and future challenges. Chem Rev. 2015;115:327–94.
PubMed


	19.
Ghoreishi SM, Najdian A, Yadegari S, Seyedhamzeh M, Etemadzadeh M, Mirzaei M, Hadadian S, Alikhani Z, Shafiee M, Riou L. The use of carbon quantum dot as alternative of stannous chloride application in radiopharmaceutical kits. Contrast Media Mol Imaging. 2020;2020:4742158.


	20.
Pelaz B, Alexiou C, Alvarez-Puebla RA, Alves F, Andrews AM, Ashraf S, Balogh LP, Ballerini L, Bestetti A, Brendel C, Bosi S, Carril M, Chan WC, Chen C, Chen X, Chen X, Cheng Z, Cui D, Du J, Dullin C, Escudero A, Feliu N, Gao M, George M, Gogotsi Y, Grünweller A, Gu Z, Halas NJ, Hampp N, Hartmann RK, Hersam MC, Hunziker P, Jian J, Jiang X, Jungebluth P, Kadhiresan P, Kataoka K, Khademhosseini A, Kopeček J, Kotov NA, Krug HF, Lee DS, Lehr CM, Leong KW, Liang XJ, Ling Lim M, Liz-Marzán LM, Ma X, Macchiarini P, Meng H, Möhwald H, Mulvaney P, Nel AE, Nie S, Nordlander P, Okano T, Oliveira J, Park TH, Penner RM, Prato M, Puntes V, Rotello VM, Samarakoon A, Schaak RE, Shen Y, Sjöqvist S, Skirtach AG, Soliman MG, Stevens MM, Sung HW, Tang BZ, Tietze R, Udugama BN, VanEpps JS, Weil T, Weiss PS, Willner I, Wu Y, Yang L, Yue Z, Zhang Q, Zhang Q, Zhang XE, Zhao Y, Zhou X, Parak WJ. Diverse applications of nanomedicine. ACS Nano. 2017;11:2313–81.PubMedPubMedCentral


	21.
Wong XY, Sena-Torralba A, Álvarez-Diduk R, Muthoosamy K, Merkoçi A. Nanomaterials for Nanotheranostics: Tuning Their Properties According to Disease Needs. ACS Nano. 2020;14:2585–627.
PubMed


	22.
Arjenaki RG, Samieepour G, Ebrahimi SES, Hamedani MP, Saffari M, Seyedhamzeh M, Kamali AN, Najdian A, Ardestani MS. Development of novel radiolabeled antibody-conjugated graphene quantum dots for targeted in vivo breast cancer imaging and biodistribution studies. Arab J Chem. 2024;17.


	23.
Swierczewska M, Lee S, Chen X. Inorganic nanoparticles for multimodal molecular imaging. Mol Imaging. 2011;10:3–16.
PubMed


	24.
Ealias AM, Saravanakumar MP. A review on the classification, characterisation, synthesis of nanoparticles and their application. IOP Conf Ser Mater Sci Eng. 2017;263.


	25.
Oh IH, Min HS, Li L, Tran TH, Lee YK, Kwon IC, Choi K, Kim K, Huh KM. Cancer cell-specific photoactivity of pheophorbide a-glycol chitosan nanoparticles for photodynamic therapy in tumor-bearing mice. Biomaterials. 2013;34:6454–63.
PubMed


	26.
Hoshyar N, Gray S, Han H, Bao G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction. Nanomedicine (Lond). 2016;11:673–92.
PubMed


	27.
Xing Y, Zhao J, Conti PS, Chen K. Radiolabeled nanoparticles for multimodality tumor imaging. Theranostics. 2014;4:290–306.
PubMedPubMedCentral


	28.
de Barros AB, Tsourkas A, Saboury B, Cardoso VN, Alavi A. Emerging role of radiolabeled nanoparticles as an effective diagnostic technique. EJNMMI Res. 2012;2:39.
PubMedPubMedCentral


	29.
Yong KT, Roy I, Swihart MT, Prasad PN. Multifunctional nanoparticles as biocompatible targeted probes for human cancer diagnosis and therapy. J Mater Chem. 2009;19:4655–72.
PubMedPubMedCentral


	30.
Paliwal SR, Kenwat R, Maiti S, Paliwal R. Nanotheranostics for cancer therapy and detection: state of the art. Curr Pharm Des. 2020;26:5503–17.
PubMed


	31.
Sun X, Cai W, Chen X. Positron emission tomography imaging using radiolabeled inorganic nanomaterials. Acc Chem Res. 2015;48:286–94.
PubMedPubMedCentral


	32.
Tang T, Wei Y, Yang Q, Yang Y, Sailor MJ, Pang HB. Rapid chelator-free radiolabeling of quantum dots for in vivo imaging. Nanoscale. 2019;11:22248–54.
PubMed


	33.
Wang Z, Huang P, Jacobson O, Wang Z, Liu Y, Lin L, Lin J, Lu N, Zhang H, Tian R, Niu G, Liu G, Chen X. Biomineralization-inspired synthesis of copper sulfide-ferritin nanocages as cancer theranostics. ACS Nano. 2016;10:3453–60.
PubMedPubMedCentral


	34.
Mitchell GS, Gill RK, Boucher DL, Li C, Cherry SR. In vivo Cerenkov luminescence imaging: a new tool for molecular imaging. Philos Trans A Math Phys Eng Sci. 2011;369:4605–19.PubMedPubMedCentral


	35.
Mathan SV, Rajput M, Singh RP. Chemotherapy and radiation therapy for cancer. Understanding Cancer: Elsevier; 2022. p. 217–36.



	36.
Sgouros G, Bodei L, McDevitt MR, Nedrow JR. Radiopharmaceutical therapy in cancer: clinical advances and challenges. Nat Rev Drug Discov. 2020;19:589–608.
PubMedPubMedCentral


	37.
Gill MR, Falzone N, Du Y, Vallis KA. Targeted radionuclide therapy in combined-modality regimens. Lancet Oncol. 2017;18:e414–23.
PubMed


	38.
Yu J, Yin W, Peng T, Chang YN, Zu Y, Li J, He X, Ma X, Gu Z, Zhao Y. Biodistribution, excretion, and toxicity of polyethyleneimine modified NaYF4:Yb. Er upconversion nanoparticles in mice via different administration routes, Nanoscale. 2017;9:4497–507.PubMed


	39.
Qiu J, Liu Y, Xia Y. Radiolabeling of Gold Nanocages for Potential Applications in Tracking. Diagnosis, and Image-Guided Therapy, Advanced Healthcare Materials. 2021;10:2002031.



	40.
Prasad KN, Cole WC, Haase GM. Radiation protection in humans: extending the concept of as low as reasonably achievable (ALARA) from dose to biological damage. Br J Radiol. 2004;77:97–9.
PubMed


	41.
S. Ranjbar Bahadori, A. Mulgaonkar, R. Hart, C.Y. Wu, D. Zhang, A. Pillai, Y. Hao, X. Sun, Radiolabeling strategies and pharmacokinetic studies for metal based nanotheranostics, Wiley Interdiscip Rev Nanomed Nanobiotechnol, 13 (2021) e1671.



	42.
Shaffer TM, Wall MA, Harmsen S, Longo VA, Drain CM, Kircher MF, Grimm J. Silica nanoparticles as substrates for chelator-free labeling of oxophilic radioisotopes. Nano Lett. 2015;15:864–8.
PubMedPubMedCentral


	43.
Liu S. Bifunctional coupling agents for radiolabeling of biomolecules and target-specific delivery of metallic radionuclides. Adv Drug Deliv Rev. 2008;60:1347–70.
PubMedPubMedCentral


	44.
Ni D, Jiang D, Ehlerding EB, Huang P, Cai W. Radiolabeling silica-based nanoparticles via coordination chemistry: basic principles, strategies, and applications. Acc Chem Res. 2018;51:778–88.
PubMedPubMedCentral


	45.
Lamb J, Holland JP. Advanced methods for radiolabeling multimodality nanomedicines for SPECT/MRI and PET/MRI. J Nucl Med. 2018;59:382–9.
PubMed


	46.
Wall MA, Shaffer TM, Harmsen S, Tschaharganeh DF, Huang CH, Lowe SW, Drain CM, Kircher MF. Chelator-free radiolabeling of SERRS nanoparticles for whole-body PET and intraoperative raman imaging. Theranostics. 2017;7:3068–77.
PubMedPubMedCentral


	47.
Townsend DW, Carney JP, Yap JT, Hall NC. PET/CT today and tomorrow. J Nucl Med. 2004;45(Suppl 1):4s–14s.
PubMed


	48.
Chen Y, Pullambhatla M, Foss CA, Byun Y, Nimmagadda S, Senthamizhchelvan S, Sgouros G, Mease RC, Pomper MG. 2-(3-{1-Carboxy-5-[(6-[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid, [18F]DCFPyL, a PSMA-based PET imaging agent for prostate cancer. Clin Cancer Res. 2011;17:7645–53.
PubMedPubMedCentral


	49.
Lears K, Ferdani R, Liang K, Zheleznyak A, Andrews R, Sherman C, Achilefu S, Anderson C, Rogers B. In vitro and in vivo evaluation of 64Cu-labeled SarAr-bombesin analogs in gastrin-releasing peptide receptor-expressing prostate cancer. J Nucl Med. 2011;52:470–7.PubMed


	50.
Pressly ED, Pierce RA, Connal LA, Hawker CJ, Liu Y. Nanoparticle PET/CT imaging of natriuretic peptide clearance receptor in prostate cancer. Bioconjug Chem. 2013;24:196–204.
PubMedPubMedCentral


	51.
Chen Q, Fu X, Cai H, Fu S, Cai Z, Li M, Wu X, Tian R, Ai H. (68)Ga-labeled amphiphilic polymer nanoparticles for PET imaging of sentinel lymph node metastasis. Regen Biomater. 2023;10:29.


	52.
Miedema IHC, Zwezerijnen GJC, Oprea-Lager DE, Verheul HMW, Vugts DJ, Huisman MC, Mathijssen RHJ, Rijcken CJF, Hu Q, Dongen GV, Menke CW. First-in-human imaging of nanoparticle entrapped docetaxel (CPC634) in patients with advanced solid tumors using 89Zr-Df-CPC634 PET/CT. J Clin Oncol. 2019;37:3093–3093.


	53.
Zheng KH, Kroon J, Schoormans J, Gurney-Champion O, Meijer SL, Gisbertz SS, Hulshof MC, Vugts DJ, van Dongen GA, Coolen BF. 89Zr-labeled High-Density Lipoprotein Nanoparticle PET imaging reveals tumor uptake in patients with esophageal cancer. J Nucl Med. 2022;63:1880–6.
PubMedPubMedCentral


	54.
Mason CA, Kossatz S, Carter LM, Pirovano G, Brand C, Guru N, Pérez-Medina C, Lewis JS, Mulder WJM, Reiner T. An (89)Zr-HDL PET Tracer Monitors Response to a CSF1R Inhibitor. J Nucl Med. 2020;61:433–6.
PubMedPubMedCentral


	55.
Blanc-Béguin F, Hennebicq S, Robin P, Tripier R, Salaün PY, Le Roux PY. Radiopharmaceutical labelling for lung ventilation/perfusion PET/CT imaging: a review of production and optimization processes for clinical use. Pharmaceuticals (Basel). 2022;15:518.PubMed


	56.
Blanc-Béguin F, Eliès P, Robin P, Tripier R, Kervarec N, Lemarié CA, Hennebicq S, Tromeur C, Cogulet V, Salaün PY, Le Roux PY. (68)Ga-Labelled Carbon Nanoparticles for Ventilation PET/CT Imaging: Physical Properties Study and Comparison with Technegas®. Mol Imaging Biol. 2021;23:62–9.
PubMed


	57.
Unak G, Ozkaya F, Medine EI, Kozgus O, Sakarya S, Bekis R, Unak P, Timur S. Gold nanoparticle probes: design and in vitro applications in cancer cell culture. Colloids Surf B Biointerfaces. 2012;90:217–26.
PubMed


	58.
Yang X, Tran VL, Remita H, Savina F, Denis C, Kereselidze D, Jego B, Lacombe S, Porcel E, Truillet C. Pharmacokinetics derived from PET imaging of inspiring radio-enhancer platinum nanoparticles. Nanomedicine. 2022;46: 102603.
PubMed


	59.
Wen S, Zhao L, Zhao Q, Li D, Liu C, Yu Z, Shen M, Majoral JP, Mignani S, Zhao J, Shi X. A promising dual mode SPECT/CT imaging platform based on (99m)Tc-labeled multifunctional dendrimer-entrapped gold nanoparticles. J Mater Chem B. 2017;5:3810–5.
PubMed


	60.
Banerjee SR, Foss CA, Horhota A, Pullambhatla M, McDonnell K, Zale S, Pomper MG. (111)In- and IRDye800CW-Labeled PLA-PEG Nanoparticle for Imaging Prostate-Specific Membrane Antigen-Expressing Tissues. Biomacromol. 2017;18:201–9.



	61.
Li X, Xiong Z, Xu X, Luo Y, Peng C, Shen M, Shi X. (99m)Tc-Labeled Multifunctional Low-Generation Dendrimer-Entrapped Gold Nanoparticles for Targeted SPECT/CT Dual-Mode Imaging of Tumors. ACS Appl Mater Interfaces. 2016;8:19883–91.
PubMed


	62.
Drzezga A, Souvatzoglou M, Eiber M, Beer AJ, Fürst S, Martinez-Möller A, Nekolla SG, Ziegler S, Ganter C, Rummeny EJ, Schwaiger M. First clinical experience with integrated whole-body PET/MR: comparison to PET/CT in patients with oncologic diagnoses. J Nucl Med. 2012;53:845–55.
PubMed


	63.
Delso G, Ziegler S. PET/MRI system design. Eur J Nucl Med Mol Imaging. 2009;36(Suppl 1):S86-92.
PubMed


	64.
Charles T, François L, Penelope B, Matteo M, Charalambos T, Lucie S, Franck D, Frédéric B, Michael E, Tillement O. Development of 68Ga/Gd3+ multimodal nanoparticles for PET/MRI dual imaging for tumor detection. J Nucl Med. 2015;56:273.


	65.
Tu C, Ng TS, Jacobs RE, Louie AY. Multimodality PET/MRI agents targeted to activated macrophages. J Biol Inorg Chem. 2014;19:247–58.
PubMed


	66.
Zhu J, Li H, Xiong Z, Shen M, Conti PS, Shi X, Chen K. Polyethyleneimine-coated manganese oxide nanoparticles for targeted tumor PET/MR imaging. ACS Appl Mater Interfaces. 2018;10:34954–64.
PubMedPubMedCentral


	67.
Karageorgou MA, Bouziotis P, Stiliaris E, Stamopoulos D. Radiolabeled iron oxide nanoparticles as dual modality contrast agents in SPECT/MRI and PET/MRI. Nanomaterials (Basel). 2023;13:503.PubMed


	68.
Binderup T, Lobatto M, Pérez-Medina C, Giesen L, Robson P, Calcagno C, Lewis J, Reiner T, Fayad Z, Mulder W. PET/MRI to predict and quantify the uptake of Zr-89-labeled nanoparticles in the aortic wall of atherosclerotic rabbits. 2014.


	69.
Xia L, He C, Guo Y, Meng X, Liu T, Xu X, Guo X, Wang F, Li N, Zhu H, Yang Z. Preparation and Application of a Bioorganic Nanoparticle-Enhanced PDL1-Targeted Small-Molecule Probe. ACS Appl Mater Interfaces. 2023;15:30619–29.
PubMed


	70.
Wen L, Xia L, Guo X, Huang HF, Wang F, Yang XT, Yang Z, Zhu H. Multimodal imaging technology effectively monitors HER2 expression in tumors using trastuzumab-coupled organic nanoparticles in patient-derived xenograft mice models. Front Oncol. 2021;11: 778728.
PubMedPubMedCentral


	71.
Moon SH, Yang BY, Kim YJ, Hong MK, Lee YS, Lee DS, Chung JK, Jeong JM. Development of a complementary PET/MR dual-modal imaging probe for targeting prostate-specific membrane antigen (PSMA). Nanomedicine. 2016;12:871–9.
PubMed


	72.
Ai F, Ferreira CA, Chen F, Cai W. Engineering of radiolabeled iron oxide nanoparticles for dual-modality imaging. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2016;8:619–30.
PubMed


	73.
Los M, Roodhart JM, Voest EE. Target practice: lessons from phase III trials with bevacizumab and vatalanib in the treatment of advanced colorectal cancer. Oncologist. 2007;12:443–50.
PubMed


	74.
Tsoukalas C, Psimadas D, Kastis GA, Koutoulidis V, Harris AL, Paravatou-Petsotas M, Karageorgou M, Furenlid LR, Moulopoulos LA, Stamopoulos D, Bouziotis P. A novel metal-based imaging probe for targeted dual-modality SPECT/MR imaging of angiogenesis. Front Chem. 2018;6:224.PubMedPubMedCentral


	75.
Harmsen S, Medine EI, Moroz M, Nurili F, Lobo J, Dong Y, Turkekul M, Pillarsetty NVK, Ting R, Ponomarev V, Akin O, Aras O. A dual-modal PET/near infrared fluorescent nanotag for long-term immune cell tracking. Biomaterials. 2021;269: 120630.
PubMed


	76.
Jing B, Gai Y, Qian R, Liu Z, Zhu Z, Gao Y, Lan X, An R. Hydrophobic insertion-based engineering of tumor cell-derived exosomes for SPECT/NIRF imaging of colon cancer. J Nanobiotechnology. 2021;19:7.
PubMedPubMedCentral


	77.
Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ, Sundaresan G, Wu AM, Gambhir SS, Weiss S. Quantum dots for live cells, in vivo imaging, and diagnostics. Science. 2005;307:538–44.
PubMedPubMedCentral


	78.
Cai W, Hsu AR, Li Z-B, Chen X. Are quantum dots ready for in vivo imaging in human subjects? Nanoscale Res Lett. 2007;2:265–81.
PubMedPubMedCentral


	79.
Cai W, Chen K, Li Z-B, Gambhir SS, Chen X. Dual-function probe for PET and near-infrared fluorescence imaging of tumor vasculature. J Nucl Med. 2007;48:1862–70.
PubMed


	80.
Pan J, Wan D, Gong J. PEGylated liposome coated QDs/mesoporous silica core-shell nanoparticles for molecular imaging. Chem Commun (Camb). 2011;47:3442–4.
PubMed


	81.
Liu J, Bu W, Zhang S, Chen F, Xing H, Pan L, Zhou L, Peng W, Shi J. Controlled synthesis of uniform and monodisperse upconversion core/mesoporous silica shell nanocomposites for bimodal imaging. Chemistry. 2012;18:2335–41.
PubMed


	82.
Chen F, Nayak TR, Goel S, Valdovinos HF, Hong H, Theuer CP, Barnhart TE, Cai W. In Vivo Tumor Vasculature Targeted PET/NIRF Imaging with TRC105(Fab)-Conjugated, Dual-Labeled Mesoporous Silica Nanoparticles. Mol Pharm. 2014;11:4007–14.
PubMedPubMedCentral


	83.
Fleischmann M, Hendra PJ, McQuillan AJ. Raman spectra of pyridine adsorbed at a silver electrode. Chem Phys Lett. 1974;26:163–6.



	84.
Jeanmaire DL, Van Duyne RP. Surface Raman spectroelectrochemistry: Part I. Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode, Journal of electroanalytical chemistry and interfacial electrochemistry. 1977;84:1–20.



	85.
Singh N, Kumar P, Riaz U. Applications of near infrared and surface enhanced Raman scattering techniques in tumor imaging: a short review. Spectrochim Acta A Mol Biomol Spectrosc. 2019;222: 117279.
PubMed


	86.
Cheng L, Liu J, Gu X, Gong H, Shi X, Liu T, Wang C, Wang X, Liu G, Xing H, Bu W, Sun B, Liu Z. PEGylated WS2 nanosheets as a multifunctional theranostic agent for in vivo dual-modal CT/Photoacoustic imaging guided photothermal therapy. Adv Mater. 2014;26:1886–93.
PubMed


	87.
Kircher MF, de la Zerda A, Jokerst JV, Zavaleta CL, Kempen PJ, Mittra E, Pitter K, Huang R, Campos C, Habte F, Sinclair R, Brennan CW, Mellinghoff IK, Holland EC, Gambhir SS. A brain tumor molecular imaging strategy using a new triple-modality MRI-photoacoustic-Raman nanoparticle. Nat Med. 2012;18:829–34.
PubMedPubMedCentral


	88.
Miao Q, Pu K. Organic Semiconducting agents for deep-tissue molecular imaging: second near-infrared fluorescence, self-luminescence, and photoacoustics. Adv Mater. 2018;30:1801778.


	89.
Liu Y, Bhattarai P, Dai Z, Chen X. Photothermal therapy and photoacoustic imaging via nanotheranostics in fighting cancer. Chem Soc Rev. 2019;48:2053–108.
PubMedPubMedCentral


	90.
Zhang Y, Jeon M, Rich LJ, Hong H, Geng J, Zhang Y, Shi S, Barnhart TE, Alexandridis P, Huizinga JD, Seshadri M, Cai W, Kim C, Lovell JF. Non-invasive multimodal functional imaging of the intestine with frozen micellar naphthalocyanines. Nat Nanotechnol. 2014;9:631–8.
PubMedPubMedCentral


	91.
Yang Z, Tian R, Wu J, Fan Q, Yung BC, Niu G, Jacobson O, Wang Z, Liu G, Yu G, Huang W, Song J, Chen X. Impact of semiconducting perylene diimide nanoparticle size on lymph node mapping and cancer imaging. ACS Nano. 2017;11:4247–55.
PubMed


	92.
Jiang X, Han Y, Zhang H, Liu H, Huang Q, Wang T, Sun Q, Li Z. Cu–Fe–Se ternary nanosheet-based drug delivery carrier for multimodal imaging and combined chemo/photothermal therapy of cancer. ACS Appl Mater Interfaces. 2018;10:43396–404.
PubMed


	93.
Chen M, Guo Z, Chen Q, Wei J, Li J, Shi C, Xu D, Zhou D, Zhang X, Zheng N. Pd nanosheets with their surface coordinated by radioactive iodide as a high-performance theranostic nanoagent for orthotopic hepatocellular carcinoma imaging and cancer therapy. Chem Sci. 2018;9:4268–74.
PubMedPubMedCentral


	94.
Spinelli AE, Ferdeghini M, Cavedon C, Zivelonghi E, Calandrino R, Fenzi A, Sbarbati A, Boschi F. First human cerenkography. J Biomed Opt. 2013;18:020502–020502.



	95.
Thorek DL, Riedl CC, Grimm J. Clinical Cerenkov luminescence imaging of 18F-FDG. J Nucl Med. 2014;55:95–8.
PubMed


	96.
Sun X, Huang X, Guo J, Zhu W, Ding Y, Niu G, Wang A, Kiesewetter DO, Wang ZL, Sun S, Chen X. Self-illuminating 64Cu-Doped CdSe/ZnS nanocrystals for in vivo tumor imaging. J Am Chem Soc. 2014;136:1706–9.
PubMedPubMedCentral


	97.
Hu H, Huang P, Weiss OJ, Yan X, Yue X, Zhang MG, Tang Y, Nie L, Ma Y, Niu G, Wu K, Chen X. PET and NIR optical imaging using self-illuminating 64Cu-doped chelator-free gold nanoclusters. Biomaterials. 2014;35:9868–76.
PubMedPubMedCentral


	98.
Guo W, Sun X, Jacobson O, Yan X, Min K, Srivatsan A, Niu G, Kiesewetter DO, Chang J, Chen X. Intrinsically radioactive [64Cu]CuInS/ZnS quantum dots for PET and optical imaging: improved radiochemical stability and controllable cerenkov luminescence. ACS Nano. 2015;9:488–95.
PubMed


	99.
Tian G, Gu Z, Zhou L, Yin W, Liu X, Yan L, Jin S, Ren W, Xing G, Li S, Zhao Y. Mn2+ dopant-controlled synthesis of NaYF4:Yb/Er upconversion nanoparticles for in vivo imaging and drug delivery. Adv Mater. 2012;24:1226–31.
PubMed


	100.
Chen G, Qiu H, Prasad PN, Chen X. Upconversion nanoparticles: design, nanochemistry, and applications in theranostics. Chem Rev. 2014;114:5161–214.
PubMedPubMedCentral


	101.
Yang Y, Tu D, Zhang Y, Zhang P, Chen X. Recent advances in design of lanthanide-containing NIR-II luminescent nanoprobes. iScience. 2021;24:102062.PubMedPubMedCentral


	102.
Sun Q, He F, Sun C, Wang X, Li C, Xu J, Yang D, Bi H, Gai S, Yang P. Honeycomb-Satellite Structured pH/H(2)O(2)-Responsive Degradable Nanoplatform for Efficient Photodynamic Therapy and Multimodal Imaging. ACS Appl Mater Interfaces. 2018;10:33901–12.
PubMed


	103.
Akhtar N, Wu P-W, Chen CL, Chang W-Y, Liu R-S, Wu CT, Girigoswami A, Chattopadhyay S. Radiolabeled Human Protein-Functionalized Upconversion Nanoparticles for Multimodal Cancer Imaging. ACS Applied Nano Materials. 2022;5:7051–62.



	104.
Li M, Fang H, Liu Q, Gai Y, Yuan L, Wang S, Li H, Hou Y, Gao M, Lan X. Red blood cell membrane-coated upconversion nanoparticles for pretargeted multimodality imaging of triple-negative breast cancer, Biomaterials. Science. 2020;8:1802–14.



	105.
Xie J, Chen K, Huang J, Lee S, Wang J, Gao J, Li X, Chen X. PET/NIRF/MRI triple functional iron oxide nanoparticles. Biomaterials. 2010;31:3016–22.
PubMedPubMedCentral


	106.
Evertsson M, Kjellman P, Cinthio M, Andersson R, Tran TA, In’t Zandt R, Grafström G, Toftevall H, Fredriksson S, Ingvar C, Strand SE, Jansson T. Combined Magnetomotive ultrasound, PET/CT, and MR imaging of 68Ga-labelled superparamagnetic iron oxide nanoparticles in rat sentinel lymph nodes in vivo. Sci Rep. 2017;7:4824.PubMedPubMedCentral


	107.
Najdian A, Amanlou M, Beiki D, Bitarafan-Rajabi A, Mirzaei M, Shafiee Ardestani M. Amino-modified-silica-coated gadolinium-copper nanoclusters, conjugated to AS1411 aptamer and radiolabeled with technetium-99 m as a novel multimodal imaging agent. Bioorg Chem. 2022;125:105827.PubMed


	108.
Li Y, Lin T-Y, Luo Y, Liu Q, Xiao W, Guo W, Lac D, Zhang H, Feng C, Wachsmann-Hogiu S, Walton JH, Cherry SR, Rowland DJ, Kukis D, Pan C, Lam KS. A smart and versatile theranostic nanomedicine platform based on nanoporphyrin. Nat Commun. 2014;5:4712.
PubMed


	109.
Fan Q, Cheng K, Hu X, Ma X, Zhang R, Yang M, Lu X, Xing L, Huang W, Gambhir SS, Cheng Z. Transferring Biomarker into Molecular Probe: Melanin Nanoparticle as a Naturally Active Platform for Multimodality Imaging. J Am Chem Soc. 2014;136:15185–94.
PubMedPubMedCentral


	110.
Cheng L, Shen S, Shi S, Yi Y, Wang X, Song G, Yang K, Liu G, Barnhart TE, Cai W, Liu Z. FeSe2-Decorated Bi2Se3 Nanosheets Fabricated via Cation Exchange for Chelator-Free 64Cu-Labeling and Multimodal Image-Guided Photothermal-Radiation Therapy. Adv Func Mater. 2016;26:2185–97.



	111.
Goel S, Ferreira CA, Chen F, Ellison PA, Siamof CM, Barnhart TE, Cai W. Activatable Hybrid Nanotheranostics for Tetramodal Imaging and Synergistic Photothermal/Photodynamic Therapy. Adv Mater. 2018;30:1704367.



	112.
dos Santos SN, Bernardes ES, Santos-Oliveira R. Nanoradiopharmaceuticals in current molecular medicine. Fundamentals of Nanoparticles: Elsevier; 2018. p. 553–69.



	113.
Funkhouser J. Reinventing pharma: the theranostic revolution. Curr Drug Discov. 2002;2:17–9.


	114.
Kuge Y, Shiga T, Tamaki N. Perspectives on nuclear medicine for molecular diagnosis and integrated therapy. 2016.


	115.
Velikyan I. Chapter 17 - Radionuclides for imaging and therapy in oncology. In: Chen X, Wong S, editors. Cancer Theranostics. Oxford: Academic Press; 2014. p. 285–325.



	116.
Nitipir C, Niculae D, Orlov C, Barbu MA, Popescu B, Popa AM, Stoian Pantea AM, Stanciu AE, Galateanu B, Ginghina O, Papadakis GZ, Izotov BN, Spandidos DA, Tsatsakis AM, Negrei C. Update on radionuclide therapy in oncology (Review). Oncol Lett. 2017;14:7011–5.PubMedPubMedCentral


	117.
Wang Z, Tian R, Niu G, Ma Y, Lang L, Szajek LP, Kiesewetter DO, Jacobson O, Chen X. Single low-dose injection of evans blue modified PSMA-617 radioligand therapy eliminates prostate-specific membrane antigen positive tumors. Bioconjug Chem. 2018;29:3213–21.
PubMed


	118.
Weineisen M, Schottelius M, Simecek J, Baum RP, Yildiz A, Beykan S, Kulkarni HR, Lassmann M, Klette I, Eiber M, Schwaiger M, Wester HJ. 68Ga- and 177Lu-Labeled PSMA I&T: optimization of a PSMA-targeted theranostic concept and first proof-of-concept human studies. J Nucl Med. 2015;56:1169–76.
PubMed


	119.
Kong G, Hofman MS, Murray WK, Wilson S, Wood P, Downie P, Super L, Hogg A, Eu P, Hicks RJ. Initial experience with gallium-68 DOTA-octreotate PET/CT and peptide receptor radionuclide therapy for pediatric patients with refractory metastatic neuroblastoma. J Pediatr Hematol Oncol. 2016;38:87–96.
PubMed


	120.
Pacilio M, Ventroni G, De Vincentis G, Cassano B, Pellegrini R, Di Castro E, Frantellizzi V, Follacchio GA, Garkavaya T, Lorenzon L, Ialongo P, Pani R, Mango L. Dosimetry of bone metastases in targeted radionuclide therapy with alpha-emitting (223)Ra-dichloride. Eur J Nucl Med Mol Imaging. 2016;43:21–33.
PubMed


	121.
Kircher M, Herhaus P, Schottelius M, Buck AK, Werner RA, Wester HJ, Keller U, Lapa C. CXCR4-directed theranostics in oncology and inflammation. Ann Nucl Med. 2018;32:503–11.
PubMedPubMedCentral


	122.
Kratochwil C, Giesel FL, Stefanova M, Benešová M, Bronzel M, Afshar-Oromieh A, Mier W, Eder M, Kopka K, Haberkorn U. PSMA-Targeted radionuclide therapy of metastatic castration-resistant prostate cancer with 177Lu-Labeled PSMA-617. J Nucl Med. 2016;57:1170–6.
PubMed


	123.
dos Santos JC, Schäfer M, Bauder-Wüst U, Lehnert W, Leotta K, Morgenstern A, Kopka K, Haberkorn U, Mier W, Kratochwil C. Development and dosimetry of 203Pb/212Pb-labelled PSMA ligands: bringing “the lead” into PSMA-targeted alpha therapy? Eur J Nucl Med Mol Imaging. 2019;46:1081–91.
PubMedPubMedCentral


	124.
Blower PJ, Kettle AG, O’Doherty MJ, Coakley AJ, Knapp FF Jr. 99mTc(V)DMSA quantitatively predicts 188Re(V)DMSA distribution in patients with prostate cancer metastatic to bone. Eur J Nucl Med. 2000;27:1405–9.
PubMed


	125.
Mukiza J, Byamukama E, Sezirahiga J, Ngbolua K, Ndebwanimana V. A review on technetium and rhenium based radiopharmaceuticals for diagnostic imaging and therapeutic nuclear medicine, Rwanda. Med J. 2018;75:14–22.



	126.
Afshar-Oromieh A, Hetzheim H, Kratochwil C, Benesova M, Eder M, Neels OC, Eisenhut M, Kübler W, Holland-Letz T, Giesel FL. The theranostic PSMA ligand PSMA-617 in the diagnosis of prostate cancer by PET/CT: biodistribution in humans, radiation dosimetry, and first evaluation of tumor lesions. J Nucl Med. 2015;56:1697–705.
PubMed


	127.
Ahmadzadehfar H, Rahbar K, Kürpig S, Bögemann M, Claesener M, Eppard E, Gärtner F, Rogenhofer S, Schäfers M, Essler M. Early side effects and first results of radioligand therapy with 177Lu-DKFZ-617 PSMA of castrate-resistant metastatic prostate cancer: a two-centre study. EJNMMI Res. 2015;5:36.
PubMedPubMedCentral


	128.
Dalm SU, Bakker IL, de Blois E, Doeswijk GN, Konijnenberg MW, Orlandi F, Barbato D, Tedesco M, Maina T, Nock BA, de Jong M. 68Ga/177Lu-NeoBOMB1, a Novel Radiolabeled GRPR Antagonist for Theranostic Use in Oncology. J Nucl Med. 2017;58:293–9.
PubMed


	129.
Liu F, Zhu H, Yu J, Han X, Xie Q, Liu T, Xia C, Li N, Yang Z. 68Ga/177Lu-labeled DOTA-TATE shows similar imaging and biodistribution in neuroendocrine tumor model. Tumor Biology. 2017;39:1010428317705519.
PubMed


	130.
Werner RA, Bluemel C, Allen-Auerbach MS, Higuchi T, Herrmann K. 68 Gallium-and 90 Yttrium-/177 Lutetium:“theranostic twins” for diagnosis and treatment of NETs. Ann Nucl Med. 2015;29:1–7.
PubMed


	131.
McInnes L, Zia N, Cullinane C, Van Zuylekom J, Jackson S, Stoner J, Haskali M, Roselt P, Van Dam E, Harris M. A Cu-64/Cu-67 bifunctional PSMA ligand as a theranostic for prostate cancer. J Nucl Med. 2020;61(supplement 1):1215.


	132.
Huynh TT, van Dam EM, Sreekumar S, Mpoy C, Blyth BJ, Muntz F, Harris MJ, Rogers BE. Copper-67-Labeled Bombesin Peptide for Targeted Radionuclide Therapy of Prostate Cancer. Pharmaceuticals (Basel). 2022;15(6):728. https://​doi.​org/​10.​3390/​ph15060728.CrossrefPubMedPubMedCentral


	133.
Thomas DL, Menda Y, Bushnell D. A comparison between diagnostic I-123 and posttherapy I-131 scans in the detection of remnant and locoregional thyroid disease. Clin Nucl Med. 2009;34:745–8.
PubMed


	134.
Barca C, Griessinger CM, Faust A, Depke D, Essler M, Windhorst AD, Devoogdt N, Brindle KM, Schäfers M, Zinnhardt B, Jacobs AH. Expanding theranostic radiopharmaceuticals for tumor diagnosis and therapy. Pharmaceuticals (Basel). 2021;15:13.PubMedPubMedCentral


	135.
Jadvar H, Chen X, Cai W, Mahmood U. Radiotheranostics in cancer diagnosis and management. radiology. 2018;286:388–400.
PubMed


	136.
Michler E, Kästner D, Brogsitter C, Pretze M, Hartmann H, Freudenberg R, Schultz MK, Kotzerke J. First-in-human SPECT/CT imaging of [(212)Pb]Pb-VMT-α-NET in a patient with metastatic neuroendocrine tumor. Eur J Nucl Med Mol Imaging. 2024;51:1490–2.
PubMed


	137.
Zhao L, Zhu J, Cheng Y, Xiong Z, Tang Y, Guo L, Shi X, Zhao J. Chlorotoxin-conjugated multifunctional dendrimers labeled with radionuclide 131i for single photon emission computed tomography imaging and radiotherapy of gliomas. ACS Appl Mater Interfaces. 2015;7:19798–808.
PubMed


	138.
Huang P, Zhang Y, Wang W, Zhou J, Sun Y, Liu J, Kong D, Liu J, Dong A. Co-delivery of doxorubicin and 131I by thermosensitive micellar-hydrogel for enhanced in situ synergetic chemoradiotherapy. J Control Release. 2015;220:456–64.
PubMed


	139.
Sun N, Zhao L, Zhu J, Li Y, Song N, Xing Y, Qiao W, Huang H, Zhao J. (131)I-labeled polyethylenimine-entrapped gold nanoparticles for targeted tumor SPECT/CT imaging and radionuclide therapy. Int J Nanomedicine. 2019;14:4367–81.
PubMedPubMedCentral


	140.
Zhang C, Chai J, Jia Q, Tan J, Meng Z, Li N, Yuan M. Evaluating the therapeutic efficacy of radiolabeled BSA@CuS nanoparticle-induced radio-photothermal therapy against anaplastic thyroid cancer. IUBMB Life. 2022;74:433–45.
PubMed


	141.
Yu N, Zhao L, Cheng D, Ding M, Lyu Y, Zhao J, Li J. Radioactive organic semiconducting polymer nanoparticles for multimodal cancer theranostics. J Colloid Interface Sci. 2022;619:219–28.
PubMed


	142.
Phillips E, Penate-Medina O, Zanzonico PB, Carvajal RD, Mohan P, Ye Y, Humm J, Gönen M, Kalaigian H, Schöder H, Strauss HW, Larson SM, Wiesner U, Bradbury MS. Clinical translation of an ultrasmall inorganic optical-PET imaging nanoparticle probe. Sci Transl Med. 2014;6:260ra149.PubMedPubMedCentral


	143.
Jokerst JV, Lobovkina T, Zare RN, Gambhir SS. Nanoparticle PEGylation for imaging and therapy. Nanomedicine (Lond). 2011;6:715–28.
PubMed


	144.
Blanco E, Shen H, Ferrari M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat Biotechnol. 2015;33:941–51.
PubMedPubMedCentral


	145.
Li J, Chang X, Chen X, Gu Z, Zhao F, Chai Z, Zhao Y. Toxicity of inorganic nanomaterials in biomedical imaging. Biotechnol Adv. 2014;32:727–43.
PubMed


	146.
Verhoef JJ, Anchordoquy TJ. Questioning the Use of PEGylation for Drug Delivery, Drug Deliv. Transl Res. 2013;3:499–503.



	147.
Bertrand N, Wu J, Xu X, Kamaly N, Farokhzad OC. Cancer nanotechnology: the impact of passive and active targeting in the era of modern cancer biology. Adv Drug Deliv Rev. 2014;66:2–25.
PubMed


	148.
Choi H, Lee Y-S, Hwang DW, Lee DS. Translational radionanomedicine: a clinical perspective, European Journal of. Nanomedicine. 2016;8:71–84.



	149.
Dash A, Chakraborty S, Pillai MR, Knapp FF Jr. Peptide receptor radionuclide therapy: an overview. Cancer Biother Radiopharm. 2015;30:47–71.
PubMed


	150.
Delbeke D, Schöder H, Martin WH, Wahl RL. Hybrid imaging (SPECT/CT and PET/CT): improving therapeutic decisions. Semin Nucl Med. 2009;39:308–40.
PubMed


	151.
Majumdar D, Peng XH, Shin DM. The medicinal chemistry of theragnostics, multimodality imaging and applications of nanotechnology in cancer. Curr Top Med Chem. 2010;10:1211–26.
PubMed


	152.
Shin SJ, Beech JR, Kelly KA. Targeted nanoparticles in imaging: paving the way for personalized medicine in the battle against cancer. Integr Biol (Camb). 2013;5:29–42.
PubMed


	153.
Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, Bawendi MG, Frangioni JV. Renal clearance of quantum dots. Nat Biotechnol. 2007;25:1165–70.PubMedPubMedCentral


	154.
H. Cai, Z. Li, C.W. Huang, R. Park, A.H. Shahinian, P.S. Conti, An improved synthesis and biological evaluation of a new cage-like bifunctional chelator, 4-((8-amino-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane-1-ylamino)methyl)benzoic acid, for 64Cu radiopharmaceuticals, Nucl Med Biol, 37 (2010) 57–65.



	155.
Choi HS, Frangioni JV. Nanoparticles for biomedical imaging: fundamentals of clinical translation. Mol Imaging. 2010;9:291–310.
PubMed


	156.
Kolosnjaj J, Szwarc H, Moussa F. Toxicity studies of carbon nanotubes. Adv Exp Med Biol. 2007;620:181–204.
PubMed


	157.
Kolb HC, Finn MG, Sharpless KB. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew Chem Int Ed Engl. 2001;40:2004–21.
PubMed


	158.
Chen K, Wang X, Lin WY, Shen CK, Yap LP, Hughes LD, Conti PS. Strain-Promoted Catalyst-Free Click Chemistry for Rapid Construction of (64)Cu-Labeled PET Imaging Probes. ACS Med Chem Lett. 2012;3:1019–23.
PubMedPubMedCentral


	159.
Zeng D, Lee NS, Liu Y, Zhou D, Dence CS, Wooley KL, Katzenellenbogen JA, Welch MJ. 64Cu Core-labeled nanoparticles with high specific activity via metal-free click chemistry. ACS Nano. 2012;6:5209–19.
PubMedPubMedCentral


	160.
Ahmed N, Fessi H, Elaissari A. Theranostic applications of nanoparticles in cancer. Drug Discov Today. 2012;17:928–34.
PubMed




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Exploring innovative strides in radiolabeled nanoparticle progress for multimodality cancer imaging and theranostic applications


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40644_2024_762_Fig6_HTML.png
(a)

.(.m) e _mo @ L»..:\—’

LN

ASGEuNCs APLASGEUNCS

X

M.Mé
?ﬂ"

APEASGCUNCS T APASGOUNCs

(b) ©

= GCuNC@SI0,

e GCaNC
:
fu
'Eu.t
En,l
02
)
(@
% 08
£
&
GCuNC@Sio: i 04
(e)
% 55 s r
@ ® © (™ N T
40 mm 1h wm 4h

Silmjected Doselg
N
-

10

PPy Py





OEBPS/images/40644_2024_762_Fig3_HTML.png
‘—( Active Targeting) J < ( Passive Targeting)






OEBPS/images/40644_2024_762_Fig7_HTML.png
Size Shape Charge

‘ ' ‘ ©
|

>150nm 20 150 <5nm

waney ||| m
e f L el lam
O M T N |





OEBPS/images/40644_2024_762_Fig4_HTML.png
\\Y 4

Antibody

Peptide

CH,0H
0.
OH

OH OH
NH;
Small

Molecule

O Nanoparticle

Optical
Dye

Drug

9

Multimodal Imaging

‘%. -

PTT

10, 0,

PDT

Radionuclide
Therapy





OEBPS/images/40644_2024_762_Fig1_HTML.png
v ¢ x
v (0] | x « High spatial + Radiation risk V MRI x

resolution * Unattainable
* Highsensitivity  + Poor tissue 0 DL (oot G « High spatial + Slow acquisition
« Cost eﬁ'ec.tlyg pene.traslon penetration results fesolution and post processing
¢ Fast acquisition ¢ Lowin Vivo « Unlimited tissue * Low sensitivity
and pos.t resolution penetration * High Cost
processing

* Surgical guidance

v PAI Ve

« High sensitivity « Poor tissue

v U x

« User-friendly for Limitation in bone

a o % clinical setting and lung
 High spatial/ penetration at [ * Cost effective
temporal short wavelength + High spatial/
resolution temporal
0 resolution

v SPECT o0 PEI X

« High sensitivity + Radiation risk + High sensitivity  + Radiation risk
« Unlimited tissue  * High cost  High temporal « High cost
penetration < Low spatial resolution * Low spatial
« Capable of resolution * Unlimited tissue resolution
quantification penetration  Short half-life of
¢ Quantitative radiotracers
* Local cyclotron

required





OEBPS/images/40644_2024_762_Figa_HTML.png
Preclinical studies

Biocompatibility

Biodegradabili

Biological
issues

clinical translation of Radiochemical
radiolabled nanoparticles purity

. Cancer
o Multimodal Imaging

Technical
issues

Regulatory
compliance

0 Nanoparticle
n Receptor

e Targeting moiety






OEBPS/images/40644_2024_762_Fig2_HTML.png
@ )

Organic Nanomaterials

Polymer

3 Dendrimers
Nanomaterial “r
A
E 3
R
Extracellular

Vesicles Liposomes
Polymeric Micelles Protein-based

Nanoparticles

\

[ Inrganic
\ Nanomaterials

Carbon-based
Nanomaterials

Gold Nanoparticle

O

Up-converting Nanoparticle

Silicon Nanoparticle

Iron-oxide Nanoparticle

Graphen/Carbon-based
Nanomaterials

Quantum Dot

Fullerene






OEBPS/css/envelope.png





OEBPS/css/sidebar.gif





OEBPS/images/40644_2024_762_Fig5_HTML.png
Radionuclide

64Cu
1311
68Ga
177u
89Zr
99mTC 188Re
‘ Chelates
< E“)f
E ] A
DOTA NOTA
d \Q ’\/\/\/"Y\*
N\/\/\/ Y\*
HYNIC DFO
HOT(\N/\/N\/\N /ﬁron

‘ Chelator-free radiolabling I K(ﬂ ; }) I

DTPA
‘ Chelator-based radiolabling






