
Clearance Pathways and Tumor Targeting of Imaging 
Nanoparticles

Mengxiao Yu and Jie Zheng*

Department of Chemistry, The University of Texas at Dallas, 800 West Campbell Road, 
Richardson, Texas 75080, United States

Abstract

A basic understanding of how imaging nanoparticles are removed from the normal organs/tissues 

but retained in the tumors is important for their future clinical applications in early cancer 

diagnosis and therapy. In this review, we discuss current understandings of clearance pathways and 

tumor targeting of small-molecule- and inorganic-nanoparticle-based imaging probes with an 

emphasis on molecular nanoprobes, a class of inorganic nanoprobes that can escape 

reticuloendothelial system (RES) uptake and be rapidly eliminated from the normal tissues/organs 

via kidneys but can still passively target the tumor with high efficiency through the enhanced 

permeability permeability and retention (EPR) effect. The impact of nanoparticle design (size, 

shape, and surface chemistry) on their excretion, pharmacokinetics, and passive tumor targeting 

were quantitatively discussed. Synergetic integration of effective renal clearance and EPR effect 

offers a promising pathway to design low-toxicity and high-contrast-enhancement imaging 

nanoparticles that could meet with the clinical translational requirements of regulatory agencies.
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Imaging techniques, allowing visualization of structural and functional changes inside the 

body, are being widely used in clinical cancer diagnosis.1,2 While computed tomography 

(CT) and magnetic resonance imaging (MRI) can detect tumor upon the endogenous 

difference between cancerous and normal tissues, both spatial and temporal resolutions for 

tumor imaging are severely limited by many common features shared by cancer and 

surrounding normal tissues, particularly on the early stage of cancer development. Thus, 

exogenous chemical agents that can enhance the contrast between cancerous and normal 

tissues are highly desired for early cancer diagnosis, a key to improving survival rates and 

life quality of cancer patients. Owing to the development of various types of contrast agents, 

high-resolution and high-contrast cancer imaging has been extended to both low-cost 

fluorescence technique in preclinical studies and the highly sensitive radiological modalities 

in clinical practice such as positron emission tomography (PET) and single-photon emission 

computed tomography (SPECT).

To meet the requirements of U.S. Food and Drug Administration (FDA), all injected contrast 

agents need to be cleared from the body completely in a reasonable time period.3 Thus, the 

most common contrast agents used in clinical practice are small-molecule-based (namely 

molecular probes). While molecular probes designed for different imaging modalities 

exhibit diversity in chemical structures, properties, and functionalities, they often share some 

similar behaviors in vivo: after being intravenously (iv) injected, they rapidly distribute into 

various organs (short distribution half-life), circulate in the body with a short blood 

elimination half-life, and most of them are eventually excreted through the urinary system in 

a short-time period (Figure 1A). Such two-compartment pharmacokinetics and efficient 

renal clearance not only allow rapid tumor targeting, but also minimize the potential hazards 

to normal tissues and healthy organs. However, it is challenging to integrate either multiple 

modalities or therapy into one molecule, which has been driving continuous development of 

new generations of contrast agents to advance early cancer diagnosis.

Inorganic nanoparticles (NPs)-based contrast agents (namely nanoprobes) with assistance of 

quantum size effect, often show strong signal output and multi-functionalities that small 

molecules generally do not possess,4,5 holding great promise to shift current medical 

paradigm to early detection and therapy. For example, quantum dots (QDs) with bright, 

robust and tunable fluorescence have been used for highly sensitive tumor diagnosis.5–7 

Magnetic iron oxide NPs can further enhance MRI contrast and allow magnetic field 

directed drug delivery.8–10 Gold NPs can effectively convert light energy into heat and serve 

as agents for photothermal therapy.11,12 In addition, by taking advantage of the unique tumor 

structure (hypervasculature, defective vascular architecture, and impaired lymphatic 

drainage), NPs can often selectively accumulate in the primary and metastatic tumor sites at 

much higher concentrations for longer times than small molecular probes, with no need of 

active targeting ligands (Figure 1B). However, unlike small molecular probes, inorganic NPs 

are often rapidly sequestered from the blood and severely accumulate in reticuloendothelial 

system (RES) organs (liver, spleen, etc.). While the severe and rapid RES uptake of 

inorganic NPs has been reduced and slowed down by surface coating with poly(ethylene 

glycol) (PEG) molecules,13 a majority of PEGylated NPs still end up in the liver and spleen 

after circulation, resulting in low tumor targeting specificity (defined as tumor-to-liver ratio 

for nonrenal clearabe NPs) and potential long-term toxicity.
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Since both nanoprobes and small molecular probes have unique strengths in cancer imaging, 

integration of these strengths into a single probe is expected to lead to significant 

improvements in clinically translatable nanomedicines for early cancer diagnosis and 

therapy. A list of these properties include:

(1) Size-dependent properties;

(2) Multimodality;

(3) Strong EPR effect;

(4) Long-term circulation in blood (prolonged elimination half-life);

(5) High physiological stability;

(6) Efficient renal clearance;

(7) Minimum accumulation in nontargeted tissues and organs;

(8) Rapid distribution to various organs and tissues (short distribution half-life);

(9) Low perturbation on the labeled biomolecules (binding affinity, cellular 

dynamics, etc.).

Most inorganic NPs can meet the first four criteria, whereas most small molecules can carry 

the next five properties. A new generation of renal clearable inorganic NPs has been 

engineered to meet these nine requirements. Like small molecular probes, the renal clearable 

inorganic NPs show rapid whole body distribution, efficient renal clearance, and low 

accumulation in RES organs. On the other hand, they behave like conventional NPs and can 

exhibit prolonged blood circulation, selectively distribute in the tumor sites at high 

concentration, and accumulate in tumor through EPR effect. These renal clearable inorganic 

NPs, carrying the strengths of both nonrenal clearable NPs and small molecules in cancer 

imaging, are named “molecular nanoprobes” (Figure 1C). Herein, we will give a brief 

review on molecular nanoprobes by quantitatively comparing them with small molecular 

probes and conventional nanoprobes in excretion route, pharmacokinetics, and passive tumor 

targeting via EPR effect.

 EXCRETION PATHWAY

Excretion is an essential biological process that prevents damage and toxicity by eliminating 

unwanted materials from the body. There are two major excretion routes: the renal (urine) 

and hepatic (bile to feces) pathways for contrast agents. In general, renal excretion is 

preferred because the contrast agents can be rapidly eliminated while little cellular 

internalization/metabolism is involved, thus effectively minimizing body exposure to the 

contrast agents. The renal pathway relies on glomerular filtration in the kidneys; thus, the 

material size, charge, and shape all affect the filtration efficiency. The filtration-size 

threshold of glomerular capillary walls is typically 6–8 nm for spherical particles (size-, 

charge-, and surface ligand-dependent within this range),14 indicating renal excretion is 

exclusive only for materials with ultrasmall hydrodynamic diameters (HDs).
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 Excretion Pathway of Small Molecular Probes

Most small molecular probes are small enough to pass the glomerular capillary walls and 

enter into urine in intact form if they have no interactions with serum proteins during 

circulation. During the first 24 h after intravenous (iv) injection, renal clearance efficiency of 

>50% injected dose (% ID) is widely observed in FDA-approved small molecular probes, 

such as gadolinium chelates for MRI (gadodiamide,15 gadopentetate dimeglumine,15 and 

gadoteridol16), iodinated contrast agents for CT (iohexol,17 iopamidol,17 and iopromide17), 

and 99mTc complexes for SPECT (99mTc-iron-ascorbate,18 99mTc-glucoheptonate,18 

and 99mTc-MAG319) (Figure 2 and Supporting Information Table S1). For clinical cancer 

diagnosis with PET imaging, [18F]fluoroglucose ([18F]FDG) is the most commonly used 

contrast agent and urinary excretion of [18F]FDG is ~15% ID in 1.5 h postinjection (h 

p.i.).20 In the case of near-infrared fluorophores for in vivo fluorescence imaging used in 

preclinical cancer research, 44.0% ID of IRDye 800 CW and 86.0% ID of ZW800-1 were 

cleared from the body into urine by 4 h p.i.21 Because of such rapid and efficient urinary 

clearance, these small molecular probes after 4 h p.i. generally have low nonspecific 

accumulation in the vital organs such as kidney (the major organ involved in renal 

excretion), liver, and spleen (Supporting Information Table S2). Only 0.3% ID of 

gadodiamide15 and 0.19% injected dose per gram of tissue (% ID/g) of IRDye 800 CW22 

accumulated in the liver at 24 h p.i. The liver uptakes of 64Cu-DOTA,23 [18F]FDG24, and 

ZW800-121 were 0.33, 1.18, and 0.9% ID/g at 46, 12, 4 h p.i., respectively; their kidney 

uptakes were 0.35, 1.81, and 9.8% ID/g, respectively.

Besides renal clearance, some small molecule probes with enhanced hydrophobicity are 

eliminated from the body through hepatic route (liver metabolism, bile excretion and feces 

elimination are involved) because of serum protein binding. After iv administration 

of 99mTc-pertechnetate, a SPECT contrast agent, 25–30% ID is excreted in urine in 24 h; 

following 48–72 h, hepatic excretion is predominant and results in 35% ID in feces. Nearly 

40% ID of 99mTc-pertechnetate was still retained in the body 72 h p.i. and the whole-body 

clearance half-life is 53 h.25 Since the average retention time of hepatically excreted contrast 

agents is much longer than that of renal clearable ones, resulting in increasing health risk, 

probes with efficient urinary excretion are still preferred in the clinics.

 Excretion Pathway of Conventional Nonrenal Clearable Nanoprobes

In contrast to small molecules that can be almost completely eliminated in urine and/or feces 

within several hours or days, the conventional nanoprobes are often severely trapped in the 

RES for a long time. Regardless of size, shape, chemical composition and surface coating, 

the liver accumulation of nonrenal clearable inorganic NPs are generally in the range of 10–

100% ID/g at 4–48 h p.i. (Figure 3A), 10–1000 times higher than liver uptake of small 

molecular probes (0.1–1% ID/g) (Supporting Information Table S2). The conventional 

nanoprobes generally show HDs above the kidney filtration threshold (6–8 nm) in 

physiological environment, thus excluding the possibility of renal excretion unless they can 

dissociate into small fragments. One reason for their large HDs is the large core sizes of the 

NPs: spherical Au NPs (10–500 nm),54 Au nanorods (diameter of 10–20 nm and length of 

30–100 nm),55 Au nanocages (30–60 nm),56 iron oxide NPs (10–90 nm),57 lanthanide-

doped upconversion NPs (20–60 nm),58,59 solid and mesoporous silica NPs (20–200 

Yu and Zheng Page 4

ACS Nano. Author manuscript; available in PMC 2016 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nm).60,61 Another reason is the dramatic increase of HDs due to surface coating, aggregation 

and serum protein adsorption of NPs in biological fluid, even though some inorganic NPs 

are ultrasmall in core size (<6 nm). For instance, the core size of Ag2S QDs is 5.4 nm, but 

HDs increase to 26.8 nm after coating the surface with six-armed PEG.32 The HD of 

PEG2000-capped 5 nm QDs (InAs/InP/ZnSe, core/shell/shell) is 16–18 nm.36,37 While the 

core size of lanthanide-doped upconversion NPs (NaYF4: Yb, Er, 153Sm) can be decreased 

from 20–40 nm to as small as 5 nm, HD of the NPs with PEG600 coating is ~9 nm and still 

larger than the kidney filtration threshold.62 The adsorption of serum proteins to the QDs 

(dihydrolipoic acid-coated or cysteamine-coated surface) results in an increase in HD > 15 

nm.3 In addition to increasing the HDs, adsorption of opsonins on NPs (known as 

“opsonization”) also initiates the rapid recognition by the receptors on the cell surface of 

macrophages in RES (such as Kupffer cells in the liver) and subsequent internalization by 

macrophages.63,64 For instance, mercaptoundecanoic acid-coated CdSe0.25Te0.75/CdS NIR 

QDs were rapidly sequestered by the liver and spleen and no QDs were detected in the blood 

at 3 h p.i.65 To reduce opsonization, the most common strategy is to conjugate the PEG 

polymer to the particle surface.13 Although PEGylation can slow down RES uptake of NPs 

and prolong the blood circulation time, RES organs are still the dominant accumulation sites 

for PEG-coated NPs. As shown in Figure 3A, there is no significant difference in the liver 

uptake between the PEGylated NPs (34.1 ± 21.8% ID/g, N = 29) and non-PEGylated NPs 

(28.1 ± 15.3% ID/g, N = 12) (p > 0.05) 24 h p. i.

Since Au NPs and protected-QDs are chemically stable and hard to be digested by enzymes 

in the lysosomes of macrophages, they are often retained in the body for months to years 

once they are internalized by the macrophages.66,67 For example, 24 h after iv injection of 

40 nm citrate-coated Au NPs, TEM analysis showed that the AuNPs accumulated in almost 

all the Kupffer cells in the liver and located in lysosome/endosome-like vesicles; only a 9% 

decrease in Au amount in liver was detected during the following 6 months (by ICP-MS).68 

According to a pilot study in nonhuman primates, more than 90% ID of CdSe/CdS/ZnS QDs 

remained in the major organs including liver and spleen at 90 days post iv injection.69 CdSe-

ZnS QDs with ligand-stabilized surface were found to retain in the body for at least 2 years; 

some of them remained intact and showed the fluorescence.70 For other NPs that can 

decompose inside the macrophages such as lanthanide upconversion nanoparticles 

(UCNPs),71 silica NPs72 and iron oxide NPs,73 bile excretion was observed after RES 

uptake but the elimination was very slow (weeks to months) compared with renal clearance 

of small molecular probes (hours to days).

 Excretion Pathway of Renal Clearable Nanoprobes

To address this long-term challenge, severe and long-term accumulation in RES, of 

nanoprobes in their clinical translation, renal clearable inorganic nanomaterials have recently 

been developed (Table 1).8 In 2006, renal excretion route of inorganic materials was first 

observed by Kostarelos and co-workers in single-walled carbon nanotubes (SWNTs), the 

one-dimensional nanomaterials with average diameter of 1 nm and average length of 300–

1000 nm.74 In 2007, Choi and co-workers reported the first example of renal clearable 

spherical inorganic NPs, cysteine-coated CdSe/ZnS core–shell QDs.3 Using the QDs as a 

model system, they investigated the requirements for urinary excretion of spherical metal 
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NPs and found the renal clearance threshold was 5.5 nm,3 very similar to that of proteins.75 

Over the past 8 years, efficient renal elimination has been achieved by silica NPs,76 gold 

NPs,50 carbon dots,53 iron oxide NPs,77 palladium nanosheets,78 and copper NPs.79 The 

total 24-h urinary excretion of these renal clearable inorganic NPs are generally >50% ID, 

comparable to renal clearance efficiencies of the clinically used small molecular probes 

(Figure 2). For glutathione-coated Pd nanosheets, 6.6 and 30.9% ID are detected in urine in 

24 h and 15 days p.i., indicating relatively slow elimination. Because of efficient urinary 

excretion, the average values of liver and spleen uptake of these renal clearable NPs are only 

3.9±2.6 and 1.1±0.9% ID/g at 4–48 h p.i. (N = 11), respectively, 10–30 times lower than 

those of conventional nonrenal clearable NPs (Figure 3A and Supporting Information Table 

S2). Kidney is the primary organ for eliminating the renal clearable NPs. At 5 min after iv 

injection of GS-AuNPs, kidney was the organ showing the highest NP accumulation 

(~21.4% ID/g); the kidney uptake dropped to ~7.5% ID/g at 1 h p.i. and ~5.1% ID/g at 48 h 

p.i., suggesting the NPs can pass the kidney and enter to urine without being trapped in the 

kidney. Therefore, kidney accumulation of the reported renal clearable inorganic NPs is 

generally below 12% ID/g (5.5 ± 3.8% ID/g, N = 7) at 4–24 h p.i., comparable or even less 

than that of nonrenal clearable NPs in the range of 0.7–22% ID/g (6.4 ± 5.6% ID/g, N = 39) 

at 4–48 h p.i. This phenomenon is significantly different from the nonrenal clearable Au 

nanomaterials that severely (>30% ID/g) and long-time (months to years) accumulate in the 

liver and spleen, the organs for excretion of these NPs. Biodegradable silicon NPs80 and 

nanoassemblies81 are also developed to accelerate the body clearance of NPs through 

urinary excretion (Table 1). In addition, shifting the excretion pathway from the hepatic to 

renal route becomes feasible for graphene,82 64Cu–Au alloy nanoclusters,83 and 

UCNPs,42,62 although the hepatic excretion still dominates. These inorganic nanomaterials 

with efficient renal excretion shared some common features in design, which were listed as 

follows.

 Reducing Core Size (or Diameter of One-Dimensional Nanomaterials) Below 
6 nm—The renal pathway relies on glomerular filtration slit in the kidneys, and the NP size 

plays a key role in the filtration efficiency. The filtration-size threshold of glomerular 

capillary walls is typically 6–8 nm; thus, to make inorganic NPs renal clearable, reducing 

particle size is the first principle to enhance their renal clearance efficiency. After decades, 

most of inorganic NPs with core size (or diameter for one-dimensional nanomaterilas such 

as SWNTs) below 6 nm can readily be synthesized. Unlike small molecules with well-

defined molecular weight, the NPs always have a certain polydispersity in the size. Thus, the 

observed renal clearance should be considered as an ensemble behavior of different sized 

NPs. In addition, the efficient renal clearance of SWNTs also involves a shape effect. The 

flow induces specific alignment of SWNTs, where the long axis of SWNTs points toward 

the openings of the glomerular capillary pores; as a result, SWNTs pass the glomerular 

capillary walls.

 Developing Protein-Adsorption-Resistant Surface Chemistry—Because of high 

surface energy of the NPs, once they are introduced into the bloodstream, nearly 3000 

different kinds of serum proteins in the blood could interact with the particle surface and 

form the “protein corona”,84 resulting in dramatic increase of their HDs and initiation of the 
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macrophage uptake in the RES.64 To minimize the serum protein binding, Choi and co-

workers used zwitterionic surface coating and developed the first example of renal clearable 

inorganic NPs in 2007.3 The zwitterionic ligand cysteine-coated QDs (core size of 3 nm, HD 

of 4.9 nm) can be effectively cleared out of the body as intact NPs through the urinary 

system (>65% ID, 4 h p.i.). To test whether cysteine could be used to enhance the renal 

clearance of AuNPs, we created 3.5 ± 0.9 nm cysteine-coated AuNPs,85 which, however, 

rapidly aggregated to 220 ± 60 nm NPs in phosphate buffered saline. As a result, only 0.10 

± 0.03% ID were found in urine and more than 50% ID were accumulated in the liver and 

spleen 24 h p.i. To develop renal clearable Au NPs, we used zwitterionic glutathione (GSH, 

a tripeptide that is abundantly presented in the cytoplasm and has low affinity to serum 

proteins86–88) to minimize the serum protein adsorption of Au NPs.50,89 The obtained GSH-

coated Au NPs (GS-AuNPs; 600 nm-emitting GS-AuNPs: core size of 1.7 nm, HD of 2.1 

nm; NIR-emitting GS-AuNPs: core size of 2.5 nm, HD of 3.3 nm) exhibited high resistance 

to protein binding, and >50% ID can be cleared out through the urinary system 48 h p.i., 

more than 10–100 times higher than those of the similar sized nonrenal clearable AuNPs.90 

As an effective zwitterionic ligand, GSH enables not only AuNPs but also other ultrasmall 

metal NPs such as palladium78 and copper79 nanomateirals to be excreted through urinary 

route, suggesting that GSH can serve as a widely applicable surface chemistry to minimize 

nonspecific accumulation of inorganic NPs in the body. With help from other zwitterionic 

ligands such as dithiolated polyaminocarboxylate (DTDTPA)52 and dopamine sulfonate,77 

renal clearable AuNPs are also created. About 64% ID of DTDTPA-coated AuNPs (core 

size of 2.4 nm, HD of 6.6 nm) is excreted into the urine at 24 h after iv injection and the liver 

uptake is less than 5% ID.52 The observed protein adsorption resistance of ultrasmall 

zwitterionic NPs is often attributed to the positively and negatively charged layers on the 

NPs that make it highly difficult for serum proteins to bind to particles.3,21 However, 

interactions of zwitterionic NPs with serum proteins are still not quantitatively understood 

due to the lack of theoretical methodologies to predict the binding of serum protein to the 

NPs with charged surfaces.

While most PEGylated nanoparticles are not renal clearable due to large HDs, recent studies 

show that amphiphilic PEG molecules with low molecular weight indeed can serve as 

effective ligands in making ultra-small inorganic NPs renal clearable. Unlike zwitterionic 

small molecules that are charged and have well-defined molecular weights, PEG is a 

synthetic macromolecule with low charge density; as a result, inorganic NPs coated with 

PEG ligands usually have much thicker stern layers than zwitterionic NPs. Thus, even for 

ultra-small inorganic NPs coated with PEG, their HDs are often larger than the kidney 

filtration threshold due to the large stern layer. For example, after PEGylation, the HDs of 2 

nm AuNPs increased to 9–10 nm.91 Such large increase in the HDs is due to the well-

extended conformation of high-density PEG on the particle surface. On the other hand, 

inorganic NPs capped by PEG with relatively low molecular weight of 500–2000, such as 

PEG500-coated silica NPs, PEG1500-coated carbon dots,53 PEG1000-coated near-infrared 

(NIR) emitting AuNPs,51 and PEG2000-GS-AuNPs,92 are renal clearable, which is mainly 

because of change in the conformation of PEG on particle surface. For instance, the HD of 

renal clearable PEG-AuNPs developed by our group is 5.5 nm,51 much smaller than the 

previous reported HDs (9–10 nm) of nonrenal clearable PEG-AuNPs with ~2 nm core size. 
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The observed small HD of PEG-coated NIR emitting AuNPs is due to the coiled 

conformation of PEG, which decreases the thickness of stern layer. The coiled conformation 

of surface PEG is formed only when the PEG density on the surface is relatively low, in 

contrast to the extended conformation of PEG with high density.13 These results suggested 

that fine control of density of PEG on the NPs is expected to provide a new pathway to 

synthesize renal clearable inorganic NPs.

 Making Large Nanoparticle Biodegradable—Although efficient renal clearance of 

NPs can be achievd by decreasing HD below 6–8 nm, some properties of nanoparticles such 

as NIR emission of QDs and surface plasmon resonance of Au NPs could disappear when 

the particle size is less than ~5 nm. To maintain the unique properties for cancer imaging 

while expediting the clearance of large NPs from the body, making larger inorganic NPs 

degradable provides a possible solution. Using electrochemical etching method, Park and co-

workers created the luminescent porous silicon NPs (LPSiNPs, HD of 126 nm).80 Like 

conventional large NPs, a majority of the iv injected LPSiNPs accumulated in the liver 

(~20% ID/g) and spleen (~68% ID/g) at 1 day; however, the liver and spleen uptake of NPs 

dramatically decreased after 4 weeks (liver, ~3% ID/g; spleen, ~6% ID/g). On the basis of 

the study of liver and spleen tissues, the clearance mechanism of LPSiNPs involved 

degradation inside the macrophages (presumably in lysosomes, containing enzymes and 

with acidic pH) and subsequent release of renal clearable fragments from the cells. Chan and 

co-workers developed another type of biodegradable NPs, the DNA-assembled 

superstructures that consisted of a 13 nm AuNP as core and one or two layers of 3 nm renal 

clearable PEG-AuNPs.81 Owing to the biodegrad-ability of DNA, the core–satellite 

superstructures can disassemble to the building blocks after they were internalized by 

macrophages. Although the majority of superstructures still accumulated in the liver (~45% 

ID/g at 24 h p.i.), 2% ID of the total Au content was found in mice urine up to 48 h p.i., 

suggesting a new direction in designing biodegradable inorganic NPs. However, since a 

process of cellular uptake and intracellular degradation is necessary, the excretion time of 

these biodegradable NPs is much longer than that of renal clearable inorganic NPs. For 

instance, the complete clearance of LPSiNPs from body is >4 weeks.80

 PHARMACOKINETICS (PK)

PK describes a series of processes including absorption, distribution, metabolism and 

excretion (ADME) that take place in the interaction between an organism and an exogenous 

substance (a drug or contrast agent) when the exogenous substance is introduced into the 

body (Figure 4). In most cases, the drug/agent concentration in a body site is closely related 

to its concentration in systemic circulation. Therefore, to study PK of a contrast agent, blood 

concentration of the agent is dynamically monitored after administration until the 

elimination phase and then fitted to obtain key PK parameters such as maximum blood 

concentration (Cmax), elimination half-life (t1/2), and area under the curve (AUC) (Figure 

5).96 These PK parameters of contrast agents can quantitatively reflect the exposure of 

organs and tissues to the agents and affect not only toxicity but also tumor targeting 

efficiency.96 Since extravasation of NPs from tumor vasculature to extracellular tumor 

microenvironment could be considered an accumulative process, high blood concentration, 
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long blood elimination half-life and large AUC are favorable for enhancing the EPR effect 

and improving tumor targeting efficiency.27,51,91,96,97

The typical pharmacokinetics of small molecular probes is a two-compartment model with a 

distribution half-life (t1/2α) and an elimination half-life (t1/2β). Both t1/2α and t1/2β are very 

short for some agents with rapid renal excretion (t1/2α < 0.5 h, t1/2β < 3–5 h). For instance, 

after iv injection, the MRI contrast agents gadodiamide (Omniscan), gadopentetate 

dimeglumine (Magnevist) and gadoteridol (ProHance) can rapidly distribute in the body 

with t1/2α of 0.07, 0.2, and 0.2 h; their t1/2β is 1.3, 1.6, and 1.6 h, respectively, corresponding 

to more than 90% ID in the urine within 24 h p.i.16 The t1/2α of CT contrast agents 

ioxaglate, iomeprol and iodixanol is 0.43, 0.37, and 0.43 h, and the t1/2β is 0.93, 1.83, and 

2.18 h.17 In the case of the PET probes [18F]FDG and [18F]fluoromisonidazole 

([18F]FMISO) for tumor diagnosis, the t1/2α is 0.09 and 0.06 h, whereas the t1/2β is 5.05 and 

1.08 h.24 The t1/2α and t1/2β of an organic fluorophore IRDye 800 CW are 0.1 and 1.0 h, 

respectively.22 A long elimination half-life of 11.3 h, 10.1 h was observed in 

[18F]fluoroacetate ([18F]FAc) and 99mTc-SQ30217, while their distribution half-life is still 

less than 0.5 h (0.15 and 0.02 h, respectively).

For the PK of conventional nanoprobes, both one-compartment and two-compartment 

models are observed after iv administration. One-compartment model PK with an 

elimination half-life of 4–7 h is widely observed in PEGylated inorganic NPs from Au NPs, 

Ag2S QDs, UCNPs to SWNTs. During a time period of 0–24 h p.i., the t1/2β of 0.3, 5.0, and 

3.8 h was detected in the 2 nm Au NPs coated by PEG molecules terminated with negative, 

neutral, and zwitterionic portion (HD of 9–10 nm), respectively.91 For PEGylated Ag2S QDs 

(core size of 5.4 nm, HD of 26.8 nm), the t1/2β was measured to be 4.37 h.32 BaYbF5: 2% 

Er3+ nanocubes (core size of 9 nm, HD of 22 nm) exhibited a t1/2β of 2.2 h.98 The t1/2β of 

PEGylated NaGdF4 NPs (core size of 5.1 nm) and PEGylated NaGdF4:Yb, Er NPs (core 

size of 18.5 nm) was 3.0 and 1.1 h, respectively.42 The SWNTs coated with PEG5400 and 

PEG2000 showed the t1/2β of ~2 and ~0.5 h, respectively.99 Some PEGylated inorganic NPs 

show two-compartment model pharmacokinetics. For instance, the t1/2α of UCNPs,62 iron 

oxide NPs38 and graphene82 is 0.4, 0.3, and 0.39 h, respectively, and their t1/2β is 4.3, 3.78, 

and 6.97 h, respectively (0–24 h p.i.).

In the case of GS-AuNPs, one type of molecular nanoprobes, their PK profile follows a two-

compartment model that integrate the advantages of small molecular probes with 

conventional nanoprobes for tumor targeting: short distribution half-life (t1/2α = 5.4 ± 1.2 

min, like small molecular probes) ensures rapid access of each tissue including the tumor 

region to NPs, and relatively long elimination half-life (t1/2β = 8.5 ± 2.1 h, like PEGylated 

large NPs) allows NPs to circulate in the blood at a relatively high concentration and 

continuously extravasate from the blood vessels into the tumor (the impaired lymphatic 

drainage renders the NPs stay in the tumor for long time).93 While the elimination half-life 

of renal clearable PEG-AuNPs (t1/2β = 9.2 ± 3.9 h) is comparable to that of GS-AuNPs, the 

distribution half-life extends to 56.1 ± 1.2 min, 10 times longer than that of GS-AuNPs.51 

The effect of pharmacokinetics on the tumor targeting efficiency of renal clearable Au NPs 

will be discussed in the following section.
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 PASSIVE TUMOR TARGETING VIA EPR EFFECT

EPR effect is one big strength of nanomedicines in cancer diagnosis and therapy. The 

concept of EPR effect was first proposed by Maeda et al. in 1986 to explain the tumor-

selective distribution of protein–polymer conjugates,100 and has been extended to other 

macromolecules such as plasma proteins, micelles, liposomes, DNA-complexes and even 

inorganic NPs.101 On the basis of the studies of organic macromolecules, the EPR effect is 

considered as a size-dependent phenomenon: only macromolecucles larger than 40 kDa (>5 

nm, nonrenal clearable) can target the tumor via the EPR effect;102 once the molecules are 

renal clearable, the EPR effect becomes negligible, resulting in low tumor targeting 

efficiency and rapid clearance from tumor. For example, the tumor targeting efficiencies of 

small molecules IRDye 800CW and 64Cu-DOTA were only 0.22 and 0.15% ID/g at 12 and 

46 h p.i., respectively (Supporting Information Table S2). One reason for this phenomenon is 

that the rapid renal filtration dramatically decreases the blood concentration, thereby 

reducing the exposure of tumor to the agents. Therefore, prolongation of blood circulation 

by avoiding renal excretion and reducing RES uptake is considered as a key to enhance the 

tumor targeting efficiency.96 Another reason is the poor retention of small molecules in the 

tumor because they can be easily pushed back to the blood.96,103 To extend the tumor 

retention of small molecules, an effective strategy is to conjugate active targeting ligands 

(e.g., proteins, peptides, aptamers) or based on a mechanism of selective tumor uptake (the 

most successful examples is [18F]FDG, the glucose labeled with radioactive 18F). By virtue 

of enhanced glucose uptake in tumor cells, the targeting efficiencies of [18F]FDG reached 

4.59% ID/g in EMT-6 tumor at 1 h p.i., and26 9.35% ID/g in KHT sarcoma (Supporting 

Information Table S2).24 On the other hand, owing to low accumulation in the liver, the 

tumor-to-liver ratios of small molecules can be larger than 1 (for example, 7.92 of [18F]FDG 

and 1.16 of IRDye 800CW), reflecting a relatively low uptake in nontarget organs 

(Supporting Information Table S2).

Conventional inorganic NPs can escape rapid kidney filtration, while PEG-coated surface 

can slow down the RES uptake; as a result, their blood retention time and concentrations are 

much longer and higher than those of small molecules, which render them high tumor 

targeting efficiencies due to the EPR effect. As shown in the tumor uptake of representative 

nonrenal clearable inorganic NPs (Figure 6), a majority of the NPs have tumor uptake of 1–

15% ID/g at 4–72 h p.i. Through passive tumor targeting via EPR effect, tumor targeting 

efficiency of >7% ID/g is observed in various types of inorganic NPs in tumor xenograft 

mouse models such as EMT-6 (mouse breast carcinoma), MDA-MB-435 (human 

melanoma), U-87 MG (human glioblastoma) and 4T1 (mouse breast carcinoma) (Figure 7 

and Supporting Information Table S2). For instance, PEG5000-Au nanocages104 and 

PEG5000-Au NPs26 can selectively accumulate in EMT-6 tumor with targeting efficiencies of 

15.3 and 12.5% ID/g at 24 h p.i., respectively. For MDA-MB-435 tumor model, the targeting 

efficiencies of PEG5000-Au nanorods and PEG5000-Au nanohexapods can reach 8.4 and 

7.2% ID/g at 24 h p.i., respectively.105 In the case of 4T1 tumor, targeting efficiency of 8–

17% ID/g is observed from SWNTs,47,106,107 Ag2S QDs,32 and Au nanocages.31 These high 

tumor targeting efficiency of Au nanomaterials via EPR effect in the range of 7–15% ID/g is 

comparable to or even higher than the targeting efficiencies of [18F]FDG in EMT-6 tumor 
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(4.59% ID/g, 1 h p.i.)26 and KHT sarcoma (~9.35% ID/g, 4 h p.i.).24 Ultrahigh tumor 

accumulation of 20–30% ID/g is found in PEG-SWNTs in 4T1 tumor.

However, PEG coating is found to reduce the cellular interaction of NPs and results in 

inefficient internalization by the cells;96 to solve this problem, PEGylated NPs are often 

conjugated with active targeting ligands. Regarding the same type of PEGylated NPs with 

and without conjugation of active targeting ligands, many works show that active targeting 

strategy indeed dramatically enhances the tumor targeting efficiency of NPs compared with 

passive targeting via EPR effect. For example, conjugation of RGD peptide increases the 

targeting efficiencies of PEG3400-Au tripods,29 PEG2000-InAs/InP/ZnSe QDs36 and 

PEG5000-NaYF4:Yb,Er,Tm NPs43 in U-87 MG tumor from 2.6, 2.9, and 3.0% ID/g to 7.9, 

10.7, and 14.5% ID/g at 24, 4, and 24 h p.i., respectively, corresponding to a 3- to 5-fold 

increase (Figure 7). On the other hand, weak enhancement of tumor targeting efficiency by 

active targeting is found in 4T1 tumor model when TRC105 antibody is used as targeting 

ligands.46,48 Very recently, Chan and co-workers systematically studied the effect of NP size 

on passive and active targeting of NPs by using different-sized spherical Au NPs (15, 30, 60, 

and 100 nm) and MDA-MB-435 orthotopic tumor xenografts (transferrin served as active 

targeting ligand).108 They found active targeting only enhanced the tumor uptake of 60 nm 

NPs when compared to their passive counterparts; no significant differences were observed 

for 15, 30, and 100 nm NPs. This result suggests a complexity involved with manipulating 

active tumor targeting of NPs. Moreover, it is worth pointing out that the high tumor 

targeting efficiency in U87MG tumor (>7% ID/g), obtained by active targeting strategy, is 

also achievable for passive targeting via EPR effect. The tumor targeting efficiencies of 

PEG5000-CdSe/ZnS QDs33 and PEG5000-CuInS/ZnS QDs34 are measured to be ~11 and 

8.3% ID/g in U87MG model at 42 and 48 h p.i., respectively.

Despite the high targeting efficiency, nonrenal clearable nanoparticles even with PEG-coated 

surface still exhibit severe accumulation in the liver and spleen after circulation (Figure 3A), 

resulting in low tumor targeting specificities (tumor-to-liver ratios for nonrenal clearable 

NPs) and raising concern of long-term toxicity of these NPs. For the representative nonrenal 

clearable nanoprobes, their tumor-to-liver ratios are generally <0.5 and the average value is 

~0.28 (Figure 8A). For the active and passive tumor targeting strategies, there is no 

significant difference in the tumor-to-liver ratio (passive targeting, ~0.29; active targeting, 

~0.28; p > 0.05).

Switching the excretion route of inorganic NPs from hepatic elimination to renal pathway 

provides a solution to accelerate particle clearance from the body but naturally raises a 

fundamental question of whether renal clearable inorganic NPs still exhibit tumor-selective 

distribution and long retention via the EPR effect, like the nonrenal clearable NPs. By 

analyzing the reported results of tumor targeting with renal clearable inorganic NPs, we 

found that the two seemingly contradictory properties, efficient renal clearance and EPR 

effect, indeed can be integrated in renal clearable NIR-emitting GS-AuNPs22 and PEG-

AuNPs,51 although the EPR effect in some renal clearable inorganic NPs is negligible or 

weak. On the basis of tumor targeting efficiency and retention time in tumor, the currently 

reported renal clearable inorganic NPs can be divided into three groups with different levels 

of EPR effect.

Yu and Zheng Page 11

ACS Nano. Author manuscript; available in PMC 2016 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Renal Clearable Inorganic NPs with Weak EPR Effect

The PEGylated ultrasmall silica NPs (Cornell dots, C dots) are the first renal clearable 

inorganic nanoprobes that entered clinical trial.109 As previously found in preclinical study 

using M21 (human melanoma) tumor-bearing mice, targeting efficiency of PEG-C dots was 

only 0.9% ID/g at 4 h p.i. then decreased to ~0.25% ID/g at 24 h p.i., suggesting the EPR 

effect is indeed negligible.49 After conjugation with c-RGD peptide, an active targeting 

ligand, the targeting efficiencies in the M21 tumor can increase to 1.5% ID/g at 4 h and 

~1.0% ID/g at 24 h p.i., still much lower than the tumor uptake of conventional NPs with 

strong EPR effect (7–15% ID/g, without active targeting ligands, Figures 6 and 7, 

Supporting Information Table S2). In a recent clinical study of 124I-labeled cRGD-PEG-C 

dots for PET imaging, the NP uptake was observed to circumscribe the metastatic tumor in 

the liver with low imaging contrast (at 4 h p.i.), which was very different from the tumor 

area visualized with [18F]FDG (Figure 9A–C,E).109 After 24 h p.i, 124I-labeled cRGD-PEG-

C dots were eliminated from the tumor, indicating a short retention of NPs in the tumor 

(Figure 9D). Clearance of renal clearable NPs from tumor area within 24 h was also seen in 

the dye-labeled carbon dots.53 Using the ZW800/PEG-carbon dots, the SCC-7 tumor on 

mouse was detected at 2 h p.i. but failed to be distinguished from surrounding normal tissue 

at 24 h p.i. (Figure 9F).

Similar to C dots, renal clearable cysteine-QDs6 and Gd-encapsulated carbon dots 

(Gd@carbon dots)95 also rely on the active targeting strategy to enhance tumor uptake. The 

contrast of U-87 MG tumor on MR images can be enhanced with RGD-conjugated 

Gd@carbon dots from 1 at prescan to ~1.3 at 4 h p.i.; however, no significant change in the 

tumor contrast was observed within 4 h p.i. after injection of renal clearable Gd@carbon 

dots free of RGD (Figure 9G,H).95 One possible reason for the negligible EPR effect of 

these renal clearable NPs is rapid elimination from the blood pool through urinary excretion. 

Pharmacokinetics studies revealed the blood elimination half-life of cysteine-QDs is 0.8 h 

and less than 1% ID/g of the renal clearable QDs was found in the blood at 4 h p.i.3 In 

addition, they are relatively rapidly cleared from the tumor, like the small molecules.

 Renal Clearable Inorganic NPs with Moderate EPR

While the EPR effect is significantly reduced in renal clearable silica NPs, QDs, and carbon 

dots as discussed above, we recently demonstrate that it is possible to make the EPR effect 

retained in the renal clearable Au NPs.22 Significantly different from the renal clearable 

silica NPs, QDs and carbon dots showing low tumor uptake and short tumor retention time 

(Figure 9), GS-AuNPs exhibited typical tumor targeting behaviors of nanoprobes with EPR 

effect: enhanced tumor uptake, prolonged tumor retention, and increase of tumor contrast 

over time (Figure 10A–E). We conducted a head-to-head comparison of renal clearable NIR-

emitting GS-AuNPs and a renal clearable NIR organic fluorophore, IRDye 800 CW, in 

tumor targeting. As found by in vivo fluorescence imaging of mice bearing MCF-7 tumor 

(human breast carcinoma), the two probes behaved similarly in the initial stage of tumor 

targeting: a rapid distribution to the whole body was observed in the mice after iv injection 

(Figure 10A,B), and the tumor intensity reached maximum values within 40 min (Figure 

10C). However, their retention times in the tumor and normal tissues are significantly 

different (Figure 10B,C). IRDye 800 CW was rapidly eliminated from both normal tissues 
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(half-life of 2.3 h) and tumor areas (half-lives of 1.4 (70.7%)/6.2 h (29.3%)). At 24 h p.i., 

less than 5% of the maximum intensity of IRDye 800 CW was detected in the tumor, 

indicating most of dye molecules were cleared from the tumor. In contrast, the fluorescence 

intensity of GS-AuNPs in the tumor remained constant at ~90% of maximum value during 

5–24 h p.i., whereas more than 90% of the NPs were cleared from the normal tissue with a 

half-life of 43.4 min. Owing to the tumor-selective distribution of GS-AuNP, the tumor area 

was detectable on fluorescence image at 3 h p.i., and became even more clearly evident at 12 

h p.i. (Figure 10A), corresponding to a continuous increase of tumor contrast index (CI) 

after iv injection of GS-AuNPs (Figure 10D, CI = (fluorescence intensity of tumor area – 

autofluorescence)/(fluorescence intensity of normal contralateral region – 

autofluorescence)110). Such an increase of tumor contrast over time originates from long 

retention of probes in the tumor and rapid clearance from surrounding normal tissues, and is 

regarded as a typical characteristic of tumor targeting through the EPR effect.111 The 

accumulations of GS-AuNPs in the MCF-7 tumor were measured to be 3.2 and 2.3% ID/g at 

1 and 12 h, respectively. The tumor uptake of GS-AuNPs remained at 2.5% ID/g at 24 h p.i., 

confirming the long tumor retention.51 These findings indicate the EPR effect does exist for 

GS-AuNPs even if they are renal clearable. The origin of enhanced EPR effect in renal 

clearable GS-AuNPs is because these NPs can evade the uptake of the RES organs, but their 

renal excretion is relatively slow, thus exhibiting a relatively long elimination half-life of 8.5 

h, 10 times the elimination half-life of renal clearable cysteine-QDs. GSH-coated palladium 

nanoplates, which were found to beslowly cleared from the body into urine during 15 days 

after injection, can target 4T1 tumor with an efficiency of 5% ID/g.78

 Renal Clearable Inorganic NPs with Strong EPR

Optimizing the pharmacokinetics can further enhance the tumor accumulation of renal 

clearable inorganic NPs through the EPR effect. Since PEG ligands are well-known for their 

capability to prolong blood circulation time, we created renal clearable PEGylated NIR-

emitting AuNPs.51 Due to their hydrophobicity and low charge density, PEGylated NPs 

often have much larger HDs than zwitterionic NPs and the HD of NIR-emitting AuNPs 

coated with 1 kDa PEG reached 5.5 nm, close to kidney filtration threshold. A long retention 

of these PEG-AuNPs in the tumor was detected by in vivo fluorescence imaging of mice 

bearing MCF-7 tumors (Figure 10F–I). At 5 h p.i., the tumor area became visible, and the 

high quality image with tumor contrast index >2.5 was obtained at 12 h p.i. and maintained 

until 48 h p.i. (Figure 10F,G). Different from GS-AuNPs, the tumor intensity decreased after 

reaching the peak value at ~6 h p.i., suggesting the PEG-AuNPs were partially cleared from 

the tumor area (Figure 10H). The tumor-targeting efficiency of PEG-AuNPs was measured 

to be 8.0 ± 1.5 and 8.3 ± 0.9% ID/g at 1 and 12 h p.i., 3 times higher than that of renal 

clearable GS-AuNPs and comparable to that of nonrenal clearable inorganic NPs such as 

PEGylated 20 nm AuNPs (6.63% ID/g),27 PEGylated Au nanocages (7–15% ID/g),56 and 

six-armed PEGylated Ag2S QDs (10% ID/g).32

The origin of such a high tumor-targeting efficiency of these PEG-AuNPs is attributed to the 

strong EPR effect enhanced by extended distribution half-life and increased AUC of the 

NPs. The tumor-to-blood ratio, a typical parameter for quantifying EPR effect, of PEG-

AuNPs, monotonously increased with time and reached 9.0±1.3 at 48 h p.i. (Figure 10I), 
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comparable to many known nonrenal clearable NPs with strong EPR effect (Figure 8D and 

Supporting Information Table S2). The t1/2α of PEG-AuNPs was 56.1 ± 9.7 min, one order 

longer than that of GS-AuNPs (5.4 ± 1.2 min), while the t1/2β of PEG-AuNPs (9.2 ± 3.9 h) 

was comparable to that of GS-AuNPs (8.5 ± 2.1 h). In addition, AUC of PEG-AuNPs 

(142.8% ID · h/g) was 3 times larger than that of GS-AuNPs (47.2% ID · h/g) over 24 h p.i. 

(Figure 10J). Such large AUC of PEG-AuNPs in the blood is fundamentally responsible for 

the large enhancements in tumor targeting efficiency. Moreover, different from renal 

clearable GS-AuNPs that show long retention in the tumor (targeting efficiency is 

maintained at ~2.3% ID/g from 12 to 24 h p.i.), the tumor targeting efficiency of PEG-

AuNPs decreased from ~8% ID/g at 12 h p.i. to ~4.5% ID/g at 24 h p.i. The reason might be 

the reduced cellular interaction of NPs that is observed in nonrenal clearable PEGylated 

NPs.

 SYNERGY OF RENAL CLEARANCE AND EPR EFFECT IN CANCER 

IMAGING

Successful integration of efficient renal clearance and the EPR effect renders inorganic NPs 

some unique strengths in cancer imaging: improved tumor targeting specificity (defined as 

tumor-to-kidney ratio for renal clearable NPs), high tumor-to-liver ratio, rapid tumor 

detection, and low background in liver and gastrointestinal tract. The tumor targeting 

specificity (tumor-to-kidney ratio) of renal clearable PEG-AuNPs at 0.90 is higher than the 

tumor targeting specificities (tumor-to-liver ratios) of the majority of nonrenal clearable NPs 

(<0.5, Figure 8C and Supporting Information Table S2). The tumor-to-kidney ratio of PEG-

AuNPs is also comparable to those of some nonrenal clearable NPs (Figure 8B and 

Supporting Information Table S2). Since accumulation of GS-AuNPs in liver is more than 

10 times lower than that of large AuNPs (30–60% ID/g), the tumor-to-liver ratio of GS-

AuNPs (1.77) is one or two orders larger than that of nonrenal clearable AuNPs (Figure 8A 

and Supporting Information Table S2). The tumor-to-liver ratio of renal clearable PEGylated 

AuNPs of 2.52 at 12 h p.i. is higher than that of GS-AuNPs,22 suggesting that PEGylation of 

renal clearable AuNPs could further enhance tumor-targeting efficiency without sacrificing 

high tumor-to-liver ratio.

Imaging contrast is the key factor determining sensibility in imaging-based diagnostic 

technique. In the case of tumor imaging, although tumor uptake of NPs can be enhanced 

through different strategies, high tumor targeting efficiency does not always lead to high 

imaging contrast. To improve the tumor contrast, one effective approach is to reduce 

background. Choi and co-workers demonstrated that introducing zwitterionic properties into 

NIR fluorophores can greatly enhance the tumor-to-background ratio by lowering the 

background.112 Consistent with this finding, our studies show that the high tumor contrast 

obtained with GS-AuNPs was also contributed from the background reduction. GS-AuNPs 

with zwitterionic surface were eliminated from the background tissues 3 times faster than 

the small dye molecule IRDye 800 CW. Combining the rapid clearance and prolonged 

retention in the tumor area, GS-AuNPs took 3.1 ± 0.2 h to reach a contrast index value of 

2.5, a threshold for substantial tumor detection, whereas IRDye 800 CW took 8.2 ± 0.6 h. 
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These findings indicate that renal clearable NIR-emitting GS-AuNPs are more suitable for 

rapid tumor detection than NIR dyes in fluorescence cancer imaging.

Furthermore, the low accumulation of inorganic NPs in RES organs offers a minimized 

background in the liver and spleen, which is beneficial not only to image primary and 

metastatic tumors in these organs but also to minimize interference in other diagnostic tests 

and as well as to improve contrast during fluorescence-guided surgery. Urinary excretion of 

probes also avoids the contamination of the gastrointestinal tract, thus allowing for the 

fluorescence-guided surgery in the abdomen.21

 CONCLUSION AND FUTURE PROSPECTIVE

The EPR effect, observed from tumor targeting of polymeric/biological macromolecules, has 

been considered as a privilege of nonrenal clearable NPs. Until very recently, both the 

efficient renal clearance and EPR effect are observed in some ultrasmall inorganic NPs. To 

summarize the characteristic in vivo behaviors of these renal clearable inorganic NPs with 

EPR effect, we propose a concept of “molecular nanoprobes” that refers to a new type of 

contrast agents: they behave like small molecules in showing a rapid whole-body 

distribution (short distribution half-life), efficient renal clearance, and low accumulation in 

the nontarget organs. On the other hand, like conventional nanoparticles, they circulate in the 

blood (with a prolonged elimination half-life) and selectively accumulate in the tumor sites 

at high concentration for a long time through EPR effect. Not limited in fluorescence 

imaging, renal clearable NIR-emitting Au NPs (one example of molecular nanoprobes) can 

serves as CT contrast agent owing to large X-ray absorption of gold atoms,50 and can also be 

easily converted into radiotracers for SPECT imaging when a little amount of 

radioactive 198Au was incorporated into the Au cores during the synthesis.93 A recent report 

of 2.8 nm 64Cu-alloyed Au NPs provides a potential method to convert the renal clearable 

Au NPs to a PET imaging agent.83 Therefore, among the nine strengths of small molecular 

probes and conventional nanoprobes for cancer imaging (listed at the beginning), the 

molecular nanoprobes meet the first eight advantages and the last one, the effect on the 

activity of labeled biomolecules, will be tested in future studies. Moreover, the integration of 

efficient renal clearance and the EPR effect results in a synergistic effect on cancer imaging. 

The tumor-to-liver ratios of renal clearable GS-AuNPs and PEG-AuNPs are one or two 

orders larger than those of nonrenal clearable AuNPs, while their tumor-to-kidney ratios are 

still comparable to some of nonrenal clearable NPs. A high tumor contrast index of 2.5 can 

be rapidly achieved by GS-AuNPs (~3 h p.i.) in fluorescence imaging, contributed form the 

rapid clearance of NPs from background tissue and their prolonged retention in the tumor.

To deliver the molecular nanoprobes into the clinical cancer diagnosis, many fundamental 

questions on the in vivo behaviors of renal clearable inorganic NPs still need to be 

addressed. For instance, (1) how intrinsic heterogeneity in the size distribution influences the 

renal excretion and tumor targeting of renal clearable inorganic NPs; (2) why renal clearable 

Au NPs showed stronger EPR effect than many other renal clearable NPs; (3) how to design 

better surface chemistries to enhance EPR effect without sacrificing renal clearance; (4) how 

the renal clearable inorganic NPs are filtrated through the kidneys; (5) while the effect of 

size, charge, shape, surface chemistry etc. on interaction between nanoparticles and 
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biological systems has been investigated, these studies needs to be revisited when the 

particle size decreases down to the renal-clearable scale (HD < 6–8 nm); (6) synergistic 

integration of the EPR effect with active targeting strategy and environmentally responsive 

properties might lead to developing next generation of molecular nanoprobes; (7) small 

amount of large inorganic NPs such as 12 nm Au NPs (HD of 23 nm)113 and silica NPs with 

core size of 33, 45 and 100–130 nm,114–116 were also found in the urine; thus, unraveling 

renal clearance mechanism of these large NPs is also urgently needed; (8) in addition to in 
vivo behaviors, we still need to consider what imaging and therapeutic functionalities can be 

retained by inorganic NPs when the size decreases to renal clearable size range.

Moreover, as shown in the first clinical use of renal clearable inorganic NPs, the tumor area 

highlighted by 124I-labeled cRGD-PEG-C dots on the PET image is very different from that 

obtained with [18F]FDG.109 This phenomenon suggests the two types of probes potentially 

light up different tumor structures, which reflect difference in pathological characteristics of 

tumor tissue because of their distinct tumor targeting mechanisms. The NPs can take 

advantage of the EPR effect (associated with angiogenesis), whereas [18F]FDG relies on 

enhanced glucose metabolism of tumor cells. Combination of the two different tumor 

imaging strategies potentially generates new technologies for cancer diagnosis. Besides 

serving as contrast agents for cancer imaging, the renal clearable inorganic NPs with strong 

EPR effect have great potential in cancer therapy.92,117–119 Either the NPs themselves show 

therapeutic efficacy or they can act as carrier for drug so as to improve the tumor targeting 

efficiency of drugs while reducing side effects caused by nonspecific accumulation of free 

drugs or large delivery systems in healthy organs. These molecular nanoparticles, with both 

imaging and therapeutic functionalities in a single formulation (theranostics),120 open a 

possibility for delivery of nanomedicine into clinical cancer therapy. Although the enhanced 

and prolonged tumor accumulation of various nanoparticles is widely observed in preclinical 

animal studies, most nanoparticle-based drug delivery systems show limited improvements 

on the overall survival of patients compared with free drugs,121 which demands continuing 

the efforts from experts from multiple disciplines to fundamentally understand clearance and 

tumor targeting of nanoparticles (e.g., imaging nanoprobes), so that they can eventually be 

translated into the clinical practices for healthcare improvement.
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 VOCABULARY

Imaging nanoparticles
In this review, we focus on inorganic nanoparticles with different imaging modalities that 

have potential applications in cancer diagnosis
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Enhanced permeability and retention (EPR) effect
nanoparticles can passively accumulate in the tumor sites at a high concentration for a long 

period of time due to the high-density and leaky vascular structure and impaired lymphatic 

drainage of the solid tumor

Molecular nanoprobes
a type of inorganic nanoparticles that can rapidly distribute in the whole body and be 

eliminated from normal tissues and healthy organs through the urinary system like small 

molecules while retaining EPR effect in tumor targeting

Reticuloendothelial system (RES)
a part of the immune system that primarily comprises phagocytic cells located in the liver, 

spleen, and other reticular connective tissues and functions to identify and remove foreign 

substances

Renal clearance
an elimination pathway through renal system;
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Figure 1. 
Small molecule-based, conventional nanoparticle-based, and molecular nanoparticle-based 

cancer imaging probes exhibit different behaviors in vivo following intravenous 

administration. (A) Small molecular probes rapidly distribute into various organs, circulate 

in the body with a short blood elimination half-life, and are eventually excreted from the 

body through renal and/or hepatic routes (within several hours or days). The fraction ratio 

between renal and hepatic excretion varies depending on the nature of the molecules. The 

tumor uptake of small molecules is generally low; however, small molecular probes with 

selective tumor accumulation (e.g., [18F]FDG) or conjugation of active targeting ligands 

(e.g., [18F]-labeled peptides) can show excellent tumor uptake and contrast. (B) 

Conventional nanoprobes can selectively accumulate and be retained in the tumor sites 

through EPR effect, but they are severely trapped in the RES organs (liver, spleen, etc.) for 

months to years or are slowly excreted into bile and feces through hepatic route (weeks to 

months). Since extravasation of nanoparticles from tumor vasculature to extracellular tumor 

microenvironment could be treated as an accumulative process, the EPR effect of 

nanoparticles is highly dependent on their pharmacokinetics: high blood concentration, long 

blood distribution and elimination half-lives, and large area under curve (AUC) are favorable 

for enhancing the EPR effect and improving tumor targeting efficiency. (C) By integrating 

the advantages of small molecules and conventional nanoparticles, molecular nanoparticles 

exhibit efficient clearance from the body through renal route (within several days), low 

accumulation in RES organs, passive tumor targeting via EPR effect, and favorable two-

compartment pharmacokinetics for enhancing tumor targeting efficiency. Synergistic 

integration of the EPR effect with active targeting strategy and environmentally responsive 

properties can lead to developing next generation of molecular nanoprobes.
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Figure 2. 
Renal clearance efficiencies of representative clinically used small molecular probes and 

recently developed renal clearable inorganic nanoparticles (NPs) following intravenous 

administration. Data values and detailed information about the small molecular probes and 

renal clearable inorganic NPs are listed in Supporting Information Table S1 and Table 1, 

respectively. The data measured at 24–72 h p.i. and 1.5–4 h p.i. are respectively marked in 

green and purple.
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Figure 3. 
(A) Liver, spleen and (B) kidney uptake of representative nonrenal clearable inorganic NPs 

and renal-clearable inorganic NPs in mice following intravenous injection. The data are 

obtained from 29 references that report the biodistribution of various types of nonrenal 

clearable inorganic NPs with or without PEG-coated surface (gold nanomaterials,26–31 

QDs,32–37 iron oxide NPs,38–41 lanthanide upconversion NPs,42–45 silica NPs,46 and carbon 

nanomaterials47,48) and renal clearable inorganic NPs (silica NPs,49 Au NPs,22,50–52 and 

carbon dots53). Data values and detailed information about the NPs (chemical composition, 

surface coating, shape, core size, hydrodynamic diameter, biodistribution, application and 

method for quantifying biodistribution) are presented in Supporting Information Table S2. 

For the nonrenal clearable inorganic NPs shown in this figure, the average values of liver and 

spleen uptake are ~30% ID/g (N=41). For renal clearable inorganic NP, the mean and 

standard deviation values of liver and spleen uptake are 2.7±1.6 and 1.4±1.0% ID/g, 

respectively (N = 7). The kidney uptake of renal clearable inorganic NPs is generally below 

12% ID/g (5.5 ± 3.8% ID/g, N = 7), comparable or even lower than that of nonrenal 

clearable NPs in the range of 0.7–22% ID/g (6.4 ± 5.6% ID/g, N = 39). Notes: (a) Criteria 

for selecting representative results: (1) hydrodynamic diameters were reported; (2) 

biodistribution data was obtained from tumor murine models; (3) biodistribution and tumor 

targeting efficiency are presented in the unit of % ID/g. (b) Levels of the accuracy of 

biodistribution data vary according to the quantification methods. The highest level of data 

accuracy is provided by inductively coupled plasma mass spectrometry (ICP-MS) that can 

be used to directly measure the elements of NPs. Labeling NPs with radioisotopes and 

fluorescent dyes may influence data accuracy due to potential dissociation of the labels from 

the NPs in vivo. Data obtained from fluorescence imaging is considered semiquantitative. 
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These data are measured from different xenograft tumor models; 24 h post injection is the 

most frequently used time point for biodistribution study, and other time points are 4, 12, 

and 48 h; only one study was performed at 72 h p.i.
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Figure 4. 
Pharmacokinetics includes absorption, distribution, metabolism, and excretion (ADME) of a 

drug or contrast agent. The four criteria influence the concentration of the substance and 

kinetics of the substance exposure to organs/tissues. For intravenous administration, the step 

of absorption is not involved because the substance is directly introduced to the systemic 

circulation. The differences in ADME processes between small molecular probes, 

conventional nanoprobes and molecular nanoprobes are summarized in Figure 1.
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Figure 5. 
A brief schematic representation of one-compartment and two-compartment 

pharmacokinetic (PK) models for fitting blood concentration–time curve of a contrast agent 

following single intravenous injection. The blood concentration reaches the maximum 

(Cmax) at the initial time point because the substance is directly introduced to systemic 

circulation and no absorption step is involved. Central compartment includes blood 

(systemic circulation) and highly perfused organs such as liver, lung, kidney, etc. Peripheral 

compartment include less perfused tissues such as muscle, fat, etc. This figure also shows 

equations for fitting the blood concentration–time curves and calculating the key PK 

parameters that influence tumor uptake of contrast agent, such as area under curve (AUC), 

elimination half-life (t1/2) for one-compartment model, and distribution half-life (t1/2α) and 

elimination half-life (t1/2β) for two-compartment model. Notes: Values of PK parameters 

may vary depending on the PK modeling methods.
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Figure 6. 
Tumor targeting efficiencies of representative nonrenal clearable inorganic NPs and renal-

clearable inorganic NPs in subcutaneous tumor mouse model following intravenous 

injection. The data are obtained from 26 references that report the tumor targeting behaviors 

of nonrenal clearable inorganic NPs with or without conjugation of active targeting ligands 

(active targeting vs passive targeting) such as gold nanomaterials,26–31QDs,32–37 iron oxide 

NPs,38–41 lanthanide upconversion NPs,42–45 silica NPs,46 and carbon nanomaterials.47,48 

Renal clearable inorganic NPs include PEGylated silica NPs (Cornell dots, C dots) with or 

without cRGD conjugation (cRGD-C dots and PEG-C dots),49 NIR-emitting glutathione-

coated Au NPs (GS-AuNPs)22 and NIR-emitting PEG-coated Au NPs (PEG-AuNPs).51 

Data values and detailed information about the NPs are presented in Supporting Information 

Table S2. Arrows are used to connectthe passive and active targeting data obtained from the 

same type of NPs with and without conjugation of active targeting ligand (arrows point from 

passive targeting to active targeting). Notes: Levels of the accuracy of biodistribution data 

vary according to the quantification methods. The highest level of data accuracy is provided 

by inductively coupled plasma mass spectrometry (ICP-MS) that can be used to directly 

measure the elements of NPs. Labeling NPs with radioisotopes and fluorescent dyes may 

influence data accuracy due to potential dissociation of the labels from the NPs in vivo. Data 

obtained from fluorescence imaging is considered semiquantitative. These data are measured 

from different xenograft tumor models; 24 h post injection is the most frequently used time 

point for biodistribution study; other time points are 4, 12, and 48 h; only one study was 

performed at 72 h p.i. Results of renal clearable GS-AuNPs and PEG-AuNPs obtained at 12 

h p.i. are plotted in this figure.
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Figure 7. 
Tumor targeting efficiencies of representative nonrenal clearable inorganic NPs in tumor 

xenograft mouse models EMT-6 (mouse breast carcinoma), MDA-MB-435 (human 

melanoma), U-87 MG (human glioblastoma) and 4T1 (mouse breast carcinoma) following 

intravenous injection. The data are obtained from references cited in Figure 6 that report the 

tumor targeting behaviors of nonrenal clearable inorganic NPs with or without conjugation 

of active targeting ligands (active targeting vs passive targeting). Data values and detailed 

information about the NPs are presented in Supporting Information Table S2. Arrows are 

used to connect the passive and active targeting data obtained from the same type of NPs 

with and without conjugation of active targeting ligand (arrows points from passive targeting 

to active targeting).
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Figure 8. 
(A and C) Tumor-to-liver, (B and C) tumor-to-kidney and (D) tumor-to-blood ratios of 

representative nonrenal clearable inorganic NPs and renal-clearable inorganic NPs in 

subcutaneous tumor mouse model following intravenous injection. (C) Since liver and 

kidney are the major accumulation sites of nonrenal clearable and renal clearable NPs, 

respectively, “tumor targeting specificity” is defined as tumor-to-liver ratio for nonrenal 

clearable NPs and tumor-to-kidney ratio for renal clearable NPs. The data are obtained from 

references cited in Figure 6 that report the tumor targeting behaviors of nonrenal clearable 

inorganic NPs with or without conjugation of active targeting ligands (active targeting vs 
passive targeting). Data values and detailed information about the NPs are presented in 

Suppoprting Information Table S2. Results of renal clearable GS-AuNPs and PEG-AuNPs 

obtained at 12 h p.i. are plotted in A–D; data of PEG-AuNPs obtained at 48 h p.i. is also 

included in D.
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Figure 9. 
Tumor imaging of renal clearable inorganic NPs with weak EPR effect. (A–E) Application 

of 124I-labeled cRGD-PEG-C dots in clinical cancer imaging. (A) CT image and (E) 

[18F]FDG PET image of a patient having anorectal mucosal melanoma identified a liver 

metastasis within the inferior left lobe (arrowhead). (B,C) Peripheral aspect of the metastatic 

tumor (arrowhead) showed up on the PET images after iv injection of 124I-labeled cRGD-

PEG-C dots at 4 h p.i., (D) but disappeared at 24 h p.i. PET and CT images are overlapped 

and shown in C and D. Reprinted with permission from ref 109. Copyright 2014 The 

American Association for the Advancement of Science. (F) NIR fluorescence images of 

SCC-7 tumor (mice squamous cell carcinoma) bearing mouse at 2–24 h post iv injection of 

ZW800/PEG-carbon dots (white arrow marks tumor; red arrow indicates kidney). Reprinted 

with permission from ref 53. Copyright 2013 American Chemical Society. (G) T1-weighted 

coronal MR images of U-87 MG tumor (human glioblastoma) bearing mice after iv injection 

of Gd-encapsulated carbon dots (Gd@C, passive tumor targeting) and c(RGDyK) peptide-

conjugated Gd@C (RGD-Gd@C, active tumor targeting). Tumor areas are displayed in 

color. (H) With Gd@C or RGD-Gd@C as contrast agent, the relative change of signal-to-

background ratio (SBR) of tumor areas compared with that of prescan (SBR0). Reprinted 

with permission from ref 95. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim.
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Figure 10. 
Tumor imaging of renal clearable inorganic NPs with (A–E) moderate and (F–J) strong EPR 

effect. (A) NIR fluorescence images of mice bearing MCF-7 tumor (human breast 

carcinoma) following iv injection of GS-AuNPs and IRDye 800CW (arrow indicates the 

tumor location). (B) Accumulation and retention kinetics of the two probes in normal tissue 

and (C) tumor 0–24 h p.i. (D) Time-dependent contrast index of tumor after probe injection. 

(E) Pharmacokinetics of GS-AuNPs and IRDye 800CW (0–24 h p.i.). Reprinted with 

permission from ref 22. Copyright 2013 American Chemical Society. (F) NIR fluorescence 

images of MCF-7 tumor-bearing mouse iv injected with PEG-AuNPs (arrow indicates the 

tumor location). (G) Time-dependent contrast index of tumor after iv injection of PEG-

AuNPs and GS-AuNPs. (H) Accumulation and retention kinetics of PEG-AuNPs in tumor 

and normal tissues 0–24 h p.i. (I) Time-dependent tumor/blood ratio of PEG-AuNPs 0–48 h 

p.i. (Inset: tumor/blood ratios of GS-AuNPs and PEG-AuNPs at 1, 12, and 24 h p.i.). (J) A 

comparison of pharmacokinetics of GS-AuNPs and PEG-AuNPs after iv injection (0–24 h 

p.i.). Reprinted with permission from ref 51. Copyright 2013 WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim.
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TABLE 1

Design of Recently Developed Renal Clearable Inorganic Nanoparticles and Their Renal Clearance 

Efficiencies Following Intravenous Administration

core structure surface ligand core size/HD (nm) renal clearable efficiency imaging modality ref.

Ultrasmall Core + Protein-Adsorption-Resistant Zwitterionic Surface

CdSe/ZnS Cysteine 2.85/4.36 75% ID in 4 h p.i. Fluorescence 3

CdSe/ZnCdS cRGD-cysteine (active targeting) 3.4/5.5 >65% ID in 4 h p.i. Fluorescence 6

CdSe/ZnCdS GPI-cysteine (active targeting) 3.4/5.5 >65% ID in 4 h p.i. Fluorescence 6

AuNPs GSH 1.7/2.1 >50% ID in 24 h p.i.; 65% 
ID in 72 h p.i.

Fluorescence/CT 50

AuNPs, 198Au-doped GSH 2.6/3.0 >50% ID in 48 h p.i. Fluorescence/SPECT 93

AuNPs
a GSH

1.2/NR
d >60% ID in 8 h p.i. Fluorescence 94

AuNPs 111In-DTDTPA 2.4/6.6 64% ID in 24 h p.i. Fluorescence/SPECT 52

Pd nanosheets GSH 4.4 × 1.8/NR 6.6% ID in 24 h p.i.; 
30.9% ID in 15 day p.i.

Fluorescence 78

CuNPs, 64Cu-doped GSH 2.0/2.2 62.5% ID in 2 h p.i.; 
78.5% ID in 48 p.i.

Fluorescence/PET 77

Gd-embedded IONPs Dopamine sulfonate 4.8/5.2 NR MRI 53

Ultrasmall Core + Protein-Adsorption-Resistant PEGylated Surface

Silica NPs (Cornell dots) PEG500 NR/3.3 73% ID in 48 h p.i. Fluorescence 76

Silica NPs (Cornell dots) 124I-cRGD-PEG500 (active targeting) NR/6.8 26% ID in 4 h p.i.; 72% 
ID in 72 h p.i.

Fluorescence/PET 49

AuNPs PEG1000 2.3/5.5 >50% ID in 24 h p.i. Fluorescence 52

AuNPs FA-PEG1000-GSH 2.0/6.1 NR Fluorescence 92

Au nanoclusters, 64Cu-alloy
b PEG350 2.8/4.29 ~30% ID in 24 h p.i. PET 83

Carbon dots ZW800-PEG1500 and/or 64Cu-DOTA-PEG 3/4.1 270% ID/g in 1 h p.i. Fluorescence/PET 95

Nanographene sheets, 125I-labeled
b PEG 10–30/NR ~7.6% ID/g in 24 h p.i. NR 82

Biodegradable Large NPs

Porous silicon NPs
c NR NR/126 NR Fluorescence 80

DNA-assembled AuNP 

superstructures (core–satellite)
c

Core: DNA; Satellite: DNA, PEG1000 Core: 13 nm; 
Satellite: 3 nm

2% ID in 48 h p.i. Fluorescence 81

Unknown Urinary Excretion Mechanism

Gd-encapsulated carbon dots COOH 12/12 NR MRI 95

a
The NPs were administered through subcutaneous injection.

b
The NPs were excreted through both renal and hepatic routes.

c
Excretion of the NPs involves a process of cellular uptake and intracellular degradation in liver and spleen.

d
NR = not reported.

ACS Nano. Author manuscript; available in PMC 2016 July 21.


	Abstract
	EXCRETION PATHWAY
	Excretion Pathway of Small Molecular Probes
	Excretion Pathway of Conventional Nonrenal Clearable Nanoprobes
	Excretion Pathway of Renal Clearable Nanoprobes
	Reducing Core Size (or Diameter of One-Dimensional Nanomaterials) Below 6 nm
	Developing Protein-Adsorption-Resistant Surface Chemistry
	Making Large Nanoparticle Biodegradable


	PHARMACOKINETICS (PK)
	PASSIVE TUMOR TARGETING VIA EPR EFFECT
	Renal Clearable Inorganic NPs with Weak EPR Effect
	Renal Clearable Inorganic NPs with Moderate EPR
	Renal Clearable Inorganic NPs with Strong EPR

	SYNERGY OF RENAL CLEARANCE AND EPR EFFECT IN CANCER IMAGING
	CONCLUSION AND FUTURE PROSPECTIVE
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	TABLE 1

