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CONSPECTUS

As one of the most biocompatible and well-tolerated inorganic nanomaterials, silica-based 

nanoparticles (SiNPs) have received extensive attention over the last several decades. Recently, 

positron emission tomography (PET) imaging of radiolabeled SiNPs has provided a highly 

sensitive, noninvasive, and quantitative readout of the organ/tissue distribution, pharmacokinetics, 

and tumor targeting efficiency in vivo, which can greatly expedite the clinical translation of these 

promising NPs. Encouraged by the successful PET imaging of patients with metastatic melanoma 

using 124I-labeled ultrasmall SiNPs (known as Cornell dots or C dots) and their approval as an 

Investigational New Drug (IND) by the United States Food and Drug Administration, different 

radioisotopes (64Cu, 89Zr, 18F, 68Ga, 124I, etc.) have been reported to radiolabel a wide variety of 

SiNPs-based nanostructures, including dense silica (dSiO2), mesoporous silica (MSN), 

biodegradable mesoporous silica (bMSN), and hollow mesoporous silica nano-particles (HMSN). 

With in-depth knowledge of coordination chemistry, abundant silanol groups (–Si–O–) on the 

silica surface or inside mesoporous channels not only can be directly used for chelator-free 

radiolabeling but also can be readily modified with the right chelators for chelator-based labeling. 

However, integrating these labeling strategies for constructing stably radiolabeled SiNPs with high 

efficiency has proven difficult because of the complexity of the involved key parameters, such as 

the choice of radioisotopes and chelators, nanostructures, and radiolabeling strategy.

In this Account, we present an overview of recent progress in the development of radiolabeled 

SiNPs for cancer theranostics in the hope of speeding up their biomedical applications and 

potential translation into the clinic. We first introduce the basic principles and mechanisms for 
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radiolabeling SiNPs via coordination chemistry, including general rules of selecting proper 

radioisotopes, engineering silica nanoplatforms (e.g., dSiO2, MSN, HMSN) accordingly, and 

chelation strategies for enhanced labeling efficiency and stability, on which our group has focused 

over the past decade. Generally, the medical applications guide the choice of specific SiNPs for 

radiolabeling by considering the inherent functionality of SiNPs. The radioisotopes can then be 

determined according to the amenability of the particular SiNPs for chelator-based or chelator-free 

radiolabeling to obtain high labeling stability in vivo, which is a prerequisite for PET to truly 

reflect the behavior of SiNPs since PET imaging detects the isotopes rather than nanoparticles. 

Next, we highlight several recent representative biomedical applications of radiolabeled SiNPs 

including molecular imaging to detect specific lesions, PET-guided drug delivery, SiNP-based 

theranostic cancer agents, and clinical studies. Finally, the challenges and prospects of 

radiolabeled SiNPs are briefly discussed toward clinical cancer research. We hope that this 

Account will clarify the recent progress on the radiolabeling of SiNPs for specific medical 

applications and generate broad interest in integrating nanotechnology and PET imaging. With 

several ongoing clinical trials, radiolabeled SiNPs offer great potential for future patient 

stratification and cancer management in clinical settings.

Graphical Abstract

1. INTRODUCTION

Silica-based nanoparticles (SiNPs) have been widely applied as drug delivery systems, 

imaging nanoprobes, and multifunctional therapeutic nanoplatforms due to the good 

biocompatibility of silica, which is an endogenous substance, found mainly in bones and 

“Generally Recognized As Safe” by the United States Food and Drug Administration.1–5 

However, the lack of a real-time detection method to understand the ADME (absorption, 

distribution, metabolism, and excretion) patterns of SiNPs remains a major challenge for 

speeding up their potential clinical translation. As a highly sensitive and noninvasive nuclear 

imaging technique, positron emission tomography (PET) is widely used for preclinical and 

clinical imaging of diseases with the administration of radiotracers.6,7 Radio-labeling of 

SiNPs with radionuclides may provide real-time and quantitative ADME profiles of SiNPs 
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to evaluate their transportation throughout the body and uptake/retention at target sites. In 

2014, Bradbury and co-workers reported a first-in-human clinical trial of 124I-labeled 

ultrasmall SiNPs (known as Cornell dots or C dots) in metastatic melanoma patients,8 which 

instills great confidence in the clinical translation of radiolabeled SiNPs and has accelerated 

the development of this field.

Since then a significant amount of effort has been devoted to radiolabel SiNPs via various 

coordination chemistry. The chemically active surface of SiNPs can be readily modified to 

introduce various functional groups via silanization, thus further conjugating chelators for 

chelator-based radiolabeling.9–11 Another simple yet reliable chelator-free labeling 

technique has also been widely investigated and developed for constructing intrinsically 

radiolabeled SiNPs by exploiting the strong coordination bond between radiometals and the 

electron donors (e.g., oxygen, sulfur, or nitrogen atoms) on SiNP nanostructures.12–14 

Meanwhile, the straightforward and precise control of the size, morphology, and 

composition of SiNPs allow for a comprehensive selection of silica-based platforms, 

including dense silica (dSiO2), mesoporous silica (MSN) or biodegradable mesoporous 

silica (bMSN), and hollow mesoporous silica (HMSN) nanoparticles, enabling the 

construction of multifunctional nanoplatforms for PET image-guided drug delivery and 

cancer therapy.

This Account provides an overview of radiolabeled SiNPs with a focus on the basic 

principles, coordination mechanisms, and design strategies of radiolabeling SiNPs, and 

briefly introduces their biomedical applications in molecular imaging, image-guided drug 

delivery, combined cancer therapy, and clinical studies. By elucidating these general 

concepts and radiochemical structure–function relationships, we hope to provide useful 

insights into the optimized engineering of radiolabeled SiNPs for their future clinical 

translation and cancer patient management.

2. DESIGN PRINCIPLES OF RADIOLABELED SiNPs

2.1. Coordination Chemistry

The labeling of SiNPs with radiometals forms a coordination complex, which is the product 

of a Lewis acid–base reaction. A central radiometal atom (or cation) is coordinated by the 

neutral molecules or anions (called ligands) by coordination bonds. Ligands are Lewis bases 

containing at least one pair of electrons to donate to Lewis acids (radioactive metal ions in 

this case). The affinity between the Lewis base and acid is the key factor that influences the 

radiolabeling efficiency and stability. On the one hand, SiNPs can be easily surface-

engineered with various types of chelators to coordinate radiometals. On the other hand, the 

inherent abundance of oxygens thus makes SiNPs intrinsic hard Lewis bases for the 

coordination of hard radiometals (e.g., 89Zr4+).12 These basic principles have been widely 

recognized and applied for successful radiolabeling of SiNPs, under the guidance of which, 

the selection of silica nanoplatforms, radiometals, and radiolabeling strategies should follow 

(Figure 1).
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2.2. Silica Nanoplatforms

The well-defined siloxane chemistry has enabled construction of silica nanoplatforms with 

tunable sizes, morphologies, and porosity (dense, mesoporous, hollow, etc.).3,15 To date, 

many types of SiNPs have been radiolabeled for PET imaging and image-guided drug 

delivery or cancer therapy, including dSiO2, MSN or bMSN, and HMSN. Recently, the 

newer-generation dSiO2-based Cornell prime dots (called C' dots) have been reported, 

radiolabeled with 124I or 89Zr for tumor PET imaging.16–18 Besides the ultrasmall C' dots, 

20–25 nm sized, near-infrared dye-loaded, and 64Cu-labeled dSiO2 NPs have also been 

applied for optical/PET dual-modality imaging of sentinel lymph nodes.11

With their tunable mesoporous structure, large pore volume, and high surface area, MSNs as 

drug delivery systems have shown significant advantages over traditional drug nano-carriers.
2,5,19–22 Our group radiolabeled uniform MSNs with well-defined pore sizes with 64Cu for 

PET imaging through the use of NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) and 

performed image-guided doxorubicin delivery in 4T1 breast cancer model (Figure 2a–c). 

Systematic in vivo tumor targeting studies in 4T1 tumor-bearing mice clearly demonstrated 

that 64Cu-NOTA-MSN-TRC105 could accumulate at tumor tissues via both TRC105-

mediated binding to tumor vasculature and the enhanced permeability and retention (EPR) 

effect (Figure 2d).9 Subsequently, various isotopes ranging from very short-lived 18F to 

longer-lived 89Zr have also been successfully used for radiolabeling MSNs with appropriate 

chelators.23,24 Meanwhile, surface modified HMSNs of different sizes with enhanced drug 

loading capability were also reported to be radiolabeled with 64Cu or 89Zr for PET imaging 

and image-guided enhanced drug delivery or combination therapy.25–28

2.3. Selection of Radioisotopes

Ideally, the imaging characteristics, decay half-life, and accessibility of radionuclides should 

be considered to choose an appropriate isotope for the radiolabeling of SiNPs. To avoid a 

loss of spatial resolution and obtain high-contrast images with less scan time, isotopes with 

low positron energy and high β+ decay branching ratio are preferred for PET imaging.29 

Compared to short-lived isotopes, long-lived isotopes are more suitable for transportation 

and are more flexible for complicated radiolabeling procedures. To date, with continuous 

endeavors by our laboratory and many other groups, a wide range of isotopes have been 

reported to successfully radiolabel SiNPs, including short-lived isotopes such as 68Ga, 18F, 

and 45Ti, and longer-lived isotopes such as 124I, 89Zr, and 72As (Table 1). For diagnostic 

purposes, the physical half-life of selected isotopes should match the blood circulation half-

life of SiNPs to provide a perfect balance of time for monitoring and radiation dose 

absorbed. Additionally, this may also allow enough time for clearance of background 

activity to obtain more accurate images. To investigate the biological fate of administered 

SiNPs, longer-lived isotopes are preferred to evaluate their metabolic and clearance profiles 

over several days or weeks.

The selection of radioisotopes was compared by Shaffer et al. among six medically 

important radioisotopes (i.e., 89Zr, 68Ga, 111In, 90Y, 177Lu, and 64Cu), using the dSiO2 as a 

general substrate.14 Labeling yields greater than 99% could be obtained for all radioisotopes, 

and the binding stability was found to be correlated with hardness and oxophilicity of 
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radioisotopes. Thus, researchers can use this same method to generate radiolabeled SiNPs 

according to their needs. For example, 89Zr, 64Cu or 68Ga-labeled SiNPs are versatile 

imaging platforms, while SiNPs labeled with therapeutic isotopes (such as 90Y and 177Lu) 

may allow for image-guided radiotherapy.

2.4. Radiolabeling Strategies

The radiolabeling strategy is another important factor that must be considered to construct 

stably labeled SiNPs. An ideal radiolabeling strategy should be easy, fast, robust, and highly 

efficient and must make only minimal changes to the original properties of SiNPs. Currently, 

two major methods have been generally used to radiolabel SiNPs with radiometals: chelator-

based or chelator-free radiolabeling. It should, however, be noted that exogenous chelators 

can currently only coordinate with certain radioisotopes. For example, tyrosine residues are 

usually used for 124I labeling of C or C' dots, and NOTA has been commonly used as the 

chelator to coordinate 64Cu while DFO (desferrioxamine B) usually chelates 89Zr. Effective 

chelator-based radiolabeling requires the selection of the best chelator for the isotope of 

interest. However, some isotopes such as 69Ge, 45Ti, and 72As, are still in search of their 

perfect chelator or suitable radiolabeling methodology (e.g., for the nonmetal radioisotopes).

Much recent research has focused on developing more reliable chelator-free radiolabeling 

strategies, which can offer easier, faster, and more general radiolabeling possibilities. For 

this purpose, our group has reported a chelator-free labeling strategy based on the strong 

binding of a hard Lewis acid–base pair: 89Zr and oxygen from the deprotonated silanol 

groups located in the mesoporous pores or on the surface of MSNs.12 In vivo PET imaging 

results indicated prominent accumulation of dSiO2 and MSNs in the reticuloendothelial 

system organs of the liver and spleen (Figure 3a), a general feature observed in many 

nanomaterial studies which needs to be avoided for future clinical applications. Obvious 

bone uptake was found for 89Zr-dSiO2 at 24 h postinjection (p.i.), while minimal bone 

uptake was observed for 89Zr-MSNs up to 21 days p.i. (Figure 3b), indicating a pivotal role 

of mesopores in stabilizing 89Zr4+ inside the MSNs. Other types of hard Lewis acid ions 

such as 68Ga3+ and 45Ti4+ were also reported to be easily and efficiently labeled on SiNPs in 

a chelator-free fashion, further verifying the aforementioned binding principle.32,33

However, another widely employed PET isotope, 64Cu, is a softer radiometal that does not 

stably bind to SiNPs, and NOTA is usually required to construct stable 64Cu-SiNPs. 

Recently, Grimm and co-workers developed another chelator-free labeling strategy by 

functionalizing SiNPs with soft electron-donating thiol groups to allow straightforward and 

stable attachment of 64Cu (Figure 3d).13 The sulfur-SiNPs showed significantly higher 

labeling stability compared with native SiNPs based on both EDTA challenge (intact 64Cu: 

90.9 ± 5.8% versus 34.9 ± 5.8%) and serum stability studies (intact 64Cu: 93.0 ± 3.6% 

versus 14.8 ± 3.4%) over 24 h. This approach greatly improved the labeling stability and can 

be applied for other softer radiometals with an affinity for sulfur. For example, sulfur-avid 
72As has been reported by our group to successfully bind to thiolated MSNs.31,34 Thus, 

chelator-free radiolabeling of SiNPs can be successfully performed with a wide range of 

hard (e.g., 89Zr, 68Ga, and 45Ti) and soft (e.g., 64Cu, 72As) radioisotopes with excellent 

radiolabeling stability.
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Besides in vitro chelator-based or chelator-free labeling, in vivo radiolabeling strategy of 

SiNPs was developed by Lee et al. based on a bioorthogonal reaction, which could 

successfully overcome some limitations of short-lived radioisotopes (e.g., 18F), such as harsh 

reaction conditions with complicated and time-consuming labeling procedures.23 The aza-

dibenzocy-clooctyne (DBCO)-functionalized SiNPs first accumulated in the tumor site by 

the EPR effect, and then rapidly reacted with a subsequently injected 18F-labeled azide 

synthon (Figure 3e). In vivo PET imaging showed that the 18F-labeled azide radiotracer had 

significantly higher tumor uptake in mice preinjected with DBCO-SiNPs than that without 

preinjection, demonstrating the feasibility of radiolabeling with short-lived isotopes in a 

living system.

3. APPLICATIONS OF RADIOLABELED SILICA-BASED NANOPARTICLES

Over the past few years, many reviews have summarized SiNPs with different nanostructures 

(e.g., dSiO2, MSN, HMSN, etc.) for applications in drug delivery,2,21 biomedical imaging,3 

regenerative medicine,4 and theranostics.1 In this Section, we will outline the medical 

applications of radiolabeled SiNPs by exploiting the above-mentioned-radiolabeling 

principles. Most importantly, the choice of proper SiNPs for radiolabeling is primarily based 

on the specific intended applications, and should consider the following factors: inherent 

functionality, surface characteristics for labeling or conjugation, hydrodynamic diameter, 

and the ability to add diagnostic or therapeutic agents, among other considerations. The 

diagnostic or therapeutic radioisotopes can then be determined according to the amenability 

of SiNPs for chelator-based or chelator-free radiolabeling strategies. The decay half-life, 

labeling reliability, and accessibility of isotopes should also be considered to optimize the 

medical applications. Moreover, the entire radioactivity handling process should strictly 

adhere to the “as low as reasonably achievable (ALARA)” guidelines.

3.1. Molecular Imaging

PET imaging is one of the most sensitive molecular imaging techniques that can enable the 

quantitative visualization of biointeractions between physiological targets and ligands.29 

With simple surface engineering, radiolabeled SiNPs can be further conjugated with various 

targeting ligands for molecular imaging. These SiNPs should usually be modified with 

targeting ligands before radiolabeling to obey the ALARA rules.9,28,35 In this case, due to 

the addition of biomolecules, the radiolabeling method selected will need to be mild (e.g., 

temperature and pH value), avoiding any targeting capability loss of the conjugated ligand 

on the surface of SiNPs.

Recently, Chen et al. reported the successful detection of integrin-expressing lesions in a 

preclinical model of human melanoma by linking the ultrasmall dSiO2-based C' dots with 

cRGDY peptides,17,18 followed by chelator-free or chelator-based radiolabeling of 89Zr 

(Figure 4a). The only major difference between the chelator-free and the chelator-based 
89Zr-cRGDY-PEG-C' dots was the lower in vivo labeling stability and higher (2–4 fold) bone 

uptake of the former.18 In another study, Cheng and co-workers developed aptamer-

functionalized SiNPs for targeted PET imaging of lymph nodes (LNs) accompanying 

metastatic tumors.11 The 64Cu labeled SiNPs were decorated with a 26-mer G-rich DNA 
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aptamer, which has a high binding affinity for nucleolin overexpressed on breast cancer 

cells. PET imaging showed that the uptake of the aptamer-functionalized SiNPs in metastatic 

LNs was significantly enhanced compared to the nontargeted group.

As one of the hallmarks of cancer, angiogenesis plays a key role in tumor growth and 

metastasis.36,37 We recently documented the use of 64Cu-MSN-VEGF121 for PET imaging 

targeting the vascular endothelial growth factor receptor (VEGF).38 Since tumor vasculature 

also overexpresses CD105, the anti-CD105 antibody, TRC105, or its fragments have been 

successfully conjugated to 64Cu or 89Zr-labeled SiNPs by our group for molecular imaging.
9,28,35,39,40 These results highlighted the potential of functionalized SiNPs for vasculature 

targeting, which may allow for better therapeutic outcomes in the future.

3.2. PET-Guided Drug Delivery

Noninvasive PET imaging of angiogenesis and PET-guided antiangiogenic drug delivery 

may permit cancer diagnosis much earlier and thus allow for better prognoses. An anti-

CD105 antibody was successfully conjugated to 89Zr-labeled bMSN for PET-guided drug 

delivery (Figure 4b), the mesopores of which were designed to carry both small and 

macromolecular drugs.39 High tumor accumulation of 11.4 ± 2.1%ID/g at around 6 h p.i. 

was realized under PET imaging (Figure 4c). Enhanced CD105-targeted delivery of a 

hydrophobic antiangiogenic drug (e.g., sunitinib malate) and biodegradation of bMSN was 

also demonstrated, suggesting that such bMSNs can be biodegraded in vivo over time after 

delivering the drugs to the tumor site. It is worth mentioning that the biodegradation of 

bMSNs is accompanied by the release of free isotopes, and future studies should aim to 

properly control the degradation rate and time to reduce the signal background at time of 

diagnosis or nonspecific toxicity caused by the released diagnostic or therapeutic 

radionuclides after biodegradation of SiNPs.

To increase the drug loading capacity and enhance drug delivery to tumor sites, TRC105 was 

conjugated to 64Cu-HMSNs with a large interior cavity for CD105-targeted PET imaging 

and enhanced drug delivery (Figure 5a).28 With a large interstitial cavity and a mesoporous 

shell, up to 1129.2 mg of doxorubicin (DOX) per gram of HMSN could be loaded, which is 

3–15 times higher than that reported for normal MSNs (Figure 5b). Subsequently, in vivo 

enhanced doxorubicin delivery was also demonstrated in 4T1 tumor-bearing mice (Figure 

5c). The PET imaging results showed that highest tumor uptake of 64Cu-HMSN-TRC105 

was nearly 2 times of that for our previously reported 64Cu-MSN-TRC105 (Figure 5d).9

3.3. Cancer Theranostics

Our group has recently developed a variety of multifunctional nanoplatforms based on 

radiolabeled SiNPs as cancer theranostics for image-guided therapy to optimize therapeutic 

efficacy. For example, 64Cu was stably labeled on copper sulfide (CuS) NP-coated MSN 

shells with TRC105 conjugation for tumor vascular targeting and PET imaging-guided 

photo-thermal therapy (PTT) (Figure 6a).40 Recently, we also self-assembled ultrasmall CuS 

NPs on the surface of 89Zr-HMSN to construct core–satellite nanoconstructs (CSNC), and 

loaded them with porphyrin molecules for multimodal image-guided therapy (Figure 6b).26 

The labeled 89Zr could be used for PET and Cerenkov radiation energy transfer (CRET) 
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imaging by intrinsically exciting porphyrin molecules, which also served as dyes for 

fluorescence imaging. Synergistic interaction between CuS-produced PTT and porphyrin-

mediated photodynamic therapy (PDT) resulted in an enhanced on-demand photo-

therapeutic effect to completely eliminate the tumor (Figure 6c). Future studies should focus 

on simplifying the synthetic process of the nanostructures, making them easier for clinical 

translation.

In another study, the cavity of 89Zr-HMSN was filled with a well-known photosensitizer, 

chlorin e6 (Ce6), which has a strong absorption band peaking at 400 nm that matches well 

with the Cerenkov radiation from 89Zr (Figure 6d).25 The transferred energy of Cerenkov 

radiation could activate Ce6 molecules nearby, generating toxic reactive oxygen species to 

trigger PDT in tumor cells. Without using any external light source, tumor growth in mice 

injected with 89Zr-HMSN-Ce6 was completely inhibited within 14 days p.i. (Figure 6e). 

Such nanoplatforms based on radiolabeled SiNPs with internally triggered PDT could 

overcome the tissue penetration depth of traditional external light excitation.

3.4. Studies in the Clinic

Radiolabeled SiNPs offer excellent biocompatibility for nuclear imaging, providing 

guidance for particle design optimization. The dSiO2-based C dots with an inherent 

fluorescent dye (Cy5), PEG modification, and cRGDY peptide functionalization were 

radiolabeled with 124I (i.e., 124I-cRGDY–PEG–C dots) for dual-modal optical/PET imaging 

as the first-in-human clinical study of radiolabeled SiNPs.8 These ultrasmall C dots 

exhibited preferential renal clearance with specific tumor accumulation and reduced off-

target uptake not only in murine models of melanoma, but also in metastatic melanoma 

patients (Figure 7). The liver uptake of the patient was very low (~1.28 × 10−3 %ID/g) at 72 

h after injection, while the targeting efficiency of C dots remains a concern since only 

~0.01% of the injected dose was localized in tumor site. Systematic safety evaluation 

suggested that no changes were found with respect to the blood and urine profiles and 

confirmed that C dots did not elicit any adverse effects on the renal and liver functions of 

patients. Since this is the first report of radiolabeled nanoparticle imaging in humans, the 

establishment of comprehensive biological profiles (including circulation half-life, 

biodistribution, pharmacokinetics, and radiation dosimetry) of C dots has greatly deepened 

our understanding of SiNPs in vivo, which may extend to other types of nanomaterials in the 

context of cancer diagnosis, management, and therapeutic intervention.41

4. CONCLUSIONS AND PROSPECTS

Combining the unique properties of SiNPs and PET imaging represents a synergistic 

relationship whereby the radiolabeled SiNPs can be readily engineered as effective 

nanoplatforms for PET molecular imaging, image-guided drug delivery, and theranostics. By 

in-depth understanding of the basic radio-labeling principles, SiNPs with different 

nanostructures have been successfully radiolabeled with a variety of isotopes via traditional 

coordination chemistry. Importantly, the radio-labeled dSiO2-based C or C' dots are 

currently being investigated as a PET/optical platform for early phase clinical trials.
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However, the complexity of clinical translation of radio-labeled SiNPs is much greater than 

initially expected, calling for concerted collaboration in a multidisciplinary manner among 

material scientists, chemists, biologists, clinicians, as well as the regulatory agencies. More 

efforts should be devoted to facilitate the development and expand the medical application of 

radiolabeled SiNPs for the benefit of patients in the future. First, besides PET/optical dual-

modal imaging, another preferred choice is to integrate magnetic resonance imaging (MRI) 

contrast agents with radiolabeled SiNPs for PET/MRI dual-modal imaging since PET/MRI 

scanners have become commercially available and are receiving extensive attention.42–44 

Second, radiotherapeutic isotopes (e.g., 177Lu, 90Y) can also be labeled on SiNPs to 

construct a simplified theranostic platform for simultaneous radiotherapy.45,46 Lastly, many 

of research studies reported in the literature were performed on subcutaneous tumor models, 

and future application of radiolabeled SiNPs should be directed toward the orthotopic 

tumors as well as patient-derived tumor models, for more clinically relevant information. 

The basic radiolabeling principles presented in this Account can also be applied to radiolabel 

other nanomaterial systems,47,48 moving nano-technology into the clinic to usher in the new 

era of precision medicine.
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Figure 1. 
Schematic illustration of radiolabeling different types of SiNPs such as dSiO2, MSN, and 

HMSN by chelator-based or chelator-free labeling strategies.
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Figure 2. 
(a) Schematic illustration of radiolabeling MSN with 64Cu via a chelator-based strategy. (b) 

TEM image of NOTA-MSN-PEG-TRC105 in PBS solution. (c) Digital photo (left) and a 

PET phantom image (right) of radiolabeled SiNPs in phosphate-buffered saline (PBS) 

solution. (d) In vivo CD105-targeted PET imaging of a tumor-bearing mouse. Reproduced 

with permission from ref 9. Copyright 2013 American Chemical Society.
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Figure 3. 
(a) Schematic illustration, TEM images, and in vivo PET images of mice after i.v. injection 

of 89Zr-dSiO2 or 89Zr-MSN. (b) Linear fitting of 89Zr in the bone within 72 h postinjection. 

(c) Time–activity curves of the liver after injection of 89Zr-dSiO2 or 89Zr-MSN over 21 days. 

Reproduced with permission from ref 12. Copyright 2015 American Chemical Society. (d) 
64Cu-sulfur-SiNPs injected into the footpad allowed for lymph node imaging with high 

stability, whereas 64Cu-SiNPs showed off-target uptake in the liver, spleen, and intestine. 

Reproduced with permission from ref 13. Copyright 2016 American Chemical Society. (e) 

Schematic illustration of the in vivo radiolabeling of DBCO-SiNPs with 18F using a 

bioorthogonal reaction. Reproduced with permission from ref 23. Copyright 2013 Wiley-

VCH.
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Figure 4. 
(a) In vivo targeted PET imaging with chelator-free or chelator-based 89Zr-cRGDY-PEG-C' 

dots. Reproduced with permission from ref 18. Copyright 2017 American Chemical Society. 

(b) Schematic depiction of the synthesis of 89Zr-bMSN-TRC105. (c) In vivo PET imaging 

targeting tumor vasculature using 89Zr-bMSN-TRC105. Yellow circles indicate the location 

of 4T1 tumors. Reproduced with permission from ref 39. Copyright 2016 Wiley-VCH.
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Figure 5. 
(a) Schematic (left) and TEM image (right) of single dSiO2@MSN, HMSN, and HMSN-

TRC105 NPs. (b) UV–vis spectra of HMSNs with and without DOX in aqueous solution. (c) 

Ex vivo optical imaging of DOX accumulation in the tumor and liver after intravenous 

injection of HMSN: targeted, HMSN-TRC105 loaded with DOX; nontargeted, HMSN 

loaded with DOX. (d) In vivo tumor-targeted PET imaging at different time points p.i. 

Tumors are indicated by yellow arrowheads. Reproduced with permission from ref 28. 

Copyright 2015 Nature Publishing Group.
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Figure 6. 
(a) In vivo tumor vasculature targeting of CuS@MSN. Reproduced with permission from ref 

40. Copyright 2015 American Chemical Society. (b) Schematic illustration of the self-

assembly of radiolabeled CSNC for multimodal image-guided synergistic photothermal 

therapy (PTT) and photodynamic therapy (PDT). (c) Time-dependent tumor growth curves 

after various treatments and digital photographs of tumors explanted from different 

treatment groups after 15 days. Reproduced with permission from ref 26. Copyright 2018 

Wiley-VCH. (d) Schematic illustration of [89Zr]HMSN-Ce6 for Cerenkov radiation-induced 

PDT. (e) Schematic of [89Zr]HMSN-Ce6 NPs and representative photographs of a tumor-

bearing mouse and H&E-stained tumor slice after treatment. Reproduced with permission 

from ref 25. Copyright 2016 American Chemical Society.
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Figure 7. 
(a) Multiplanar contrast-enhanced MR axial and sagittal images of a patient with anorectal 

mucosal melanoma at 72 h p.i. demonstrated a subcentimeter cystic focus (arrows) within 

the right aspect of the anterior pituitary gland. (b) Co-registered axial and sagittal MRI-PET 

images reveal increased focal activity (red, 124I-cRGDY–PEG–C dots) localized to the 

lesion site. (c) Axial PET images of 124I-cRGDY–PEG–C dots in the brain at 3, 24, and 72 h 

after injection showed progressive accumulation of activity within the sellar region. (D) 

Tumor-to-brain and tumor-to-liver activity ratios as a function of p.i. time. Reproduced with 

permission from ref 8. Copyright 2014 American Association for the Advancement of 

Science.
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