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Summary
Nanoparticles possess enormous potential as diagnostic imaging agents and hold promise for the
development of multimodality agents with both imaging and therapeutic capabilities. Yet, some of
the most promising nanoparticles demonstrate prolonged tissue retention and contain heavy
metals. This presents serious concerns for toxicity. The creation of nanoparticles with optimal
clearance characteristics will minimize toxicity risks by reducing the duration of exposure to these
agents. Given that many nanoparticles possess easily modifiable surface and interior chemistry, if
nanoparticle characteristics associated with optimal clearance from the body were well
established, it would be feasible to design and create agents with more favorable clearance
properties. This paper presents a thorough discussion of the physiologic aspects of nanoparticle
clearance, focusing on renal mechanisms, as well as provides an overview of current research
investigating clearance of specific types of nanoparticles and nano-sized macromolecules,
including dendrimers, quantum dots, liposomes and carbon, gold, and silica-based nanoparticles.
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Introduction
Nanoparticles and nano-sized molecules possess enormous potential as diagnostic imaging
agents and hold promise for the development of multimodality agents with both imaging and
therapeutic capabilities. Generally defined as molecules with lengths that range from 1 to
100 nm in at least 2 dimensions, nanoparticles and nano-sized molecules show remarkable
structural diversity and include nano-tubes, dots, wires, fibers, and capsules [1]. Although
nanotechnology has exciting implications for medicine, this technology presents challenges
regarding particle biocompatibility and much is to be learned regarding the understanding of
small particle behavior in vivo. Unlike conventional imaging agents and therapeutics, many
nanoparticles are highly stable in vivo—exemplified by a recent study suggested that
quantum dots may be retained in the body (and remain fluorescent) for more than 100 days
[2]. Additionally, some of the most promising nanoparticles currently under investigation
contain heavy metals, which not only pose a risk for toxicity, but prolonged particle
retention may interfere with diagnostic testing and imaging [3].
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Creating particles with optimal clearance characteristics will minimize toxicity risks and
decrease concerns of nanoparticle and nano-sized molecules interference by reducing the
duration of exposure to these agents. Given that many types of nanoparticles possess easily
modifiable surface chemistry, if nanoparticle characteristics associated with optimal
clearance were well established, it would be feasible to create agents with more favorable
clearance properties. Properties currently known to affect clearance include particle
material, size, shape, surface chemistry and charge—all of which vary depending on the
individual particle type and modifications made for specific applications. This paper
presents a thorough discussion of the physiologic aspects of nanoparticle clearance, focusing
on renal mechanisms, as well as provides an overview of current research investigating
clearance of specific types of nanoparticles and nano-sized molecules, including dendrimers,
quantum dots, liposomes and carbon, gold, and silica-based nanoparticles.

Physiologic Considerations
Vascular Delivery

Upon intravenous administration, nanoparticles (NPs) and nano-sized molecules (NMs)
enter the vascular system and are distributed to the organs and peripheral tissues of the body.
Within the vascular compartment NPs encounter blood cells, platelets, coagulation factors,
and plasma proteins and depending on the size and charge, NPs and NMs may undergo
adsorption or opsonization by serum proteins. In addition to enhancing particle recognition
by the host immune system, adsorption/opsonization of NPs alters the effective size of the
particle and results in a particle diameter referred to as the in vivo hydrodynamic diameter
(HD)—which may be considerably larger than the in vitro diameter of the NP. The HD
affects blood clearance and therefore blood half-life and whole body half-life. The HD is
inversely related to rate of glomerular filtration and is directly related to blood and whole
body half-life.

The vascular endothelial cell monolayer acts as a dynamic, semiselective barrier that
regulates transport of fluid and macromolecules between the vascular compartment and the
extravascular space [4]. Although the structure of the endothelial layer varies throughout the
body, the effective pore size in normal intact endothelium is about 5 nm [3]. Nano-sized
molecules with an HD less than 5 nm achieve rapid equilibrium with the extravascular
extracellular space (EES), whereas larger particles experience prolonged circulatory times
due to slow transport across the endothelium. For example, when administered intravenously
human IgG (HD:11 nm) requires 24 h to equilibrate between the vascular compartment and
the EES [3,5,6]. In contrast, smaller molecules such as the radiocolloid dextran-Technetium
99 (HD: < 4 nm), establish rapid equilibration with the EES due to penetration of capillary
fenestrae [7]. Similar behavior has been observed in the lymphatic vessels with NPs.
Although the lymphatic vessel endothelial layer is more permeable than that of the vascular
endothelium because of its role in clearance of macromolecules from the EES, particles up
to or smaller than 6 nm in diameter can flow easily into and out of the lymphatic vessels [8].
Therefore, the threshold of nano-size diffusion from the lymphatics is slightly larger than the
capillaries but still comparable.

Modification of NP/NM characteristics such as size and surface chemistry can significantly
alter in vivo kinetic properties of NPs and NMs. PEGylation, the process of molecularly
attaching polyethylene glycols (PEG) with different molecular weights to the particle
surface groups, is one of the most widely used methods for improving particle
pharmacokinetic behavior [9]. The primary effects of PEGylation include changes to plasma
half-life of the agent, tissue distribution, and particle elimination [9].
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Renal Clearance
The kidney is capable of rapidly removing molecules from the vascular compartment mostly
as the injected forms and therefore, renal excretion represents a desirable pathway for NP
removal with minimal catabolism or breakdown from the human body to avoid the possible
side effects. Therefore, in this review, we are focusing mainly on the renal clearance. Renal
clearance of intravascular agents is a multifaceted process involving glomerular filtration,
tubular secretion, and finally elimination of the molecule through urinary excretion. As
intravascular agents enter the glomerular capillary bed, molecules are either filtered through
the glomerular capillary wall and into the proximal tubule, or remain within the vascular
compartment (Figures 1 and 2). The glomerular capillary wall is composed of three layers:
fenestrated endothelium; glomerular basement membrane (GBM); and the foot processes of
glomerular epithelial cells, which are separated by filtration slits bridged by slit diaphragms
[10]. It is generally accepted that glomerular filtrate flows through the fenestrate, across the
GBM, and through the filtration slits [10]. Among the key nanostructural dimensions is the
slit diaphragm, which is approximately 43 nm in diameter [10]. However, after taking into
considering the combined effects of each layer of the glomerular capillary wall, the
functional or physiologic pore size is significantly smaller—measuring only 4.5-5 nm in
diameter [11].

Filtration of particles through the glomerular capillary wall—glomerular filtration—is
highly dependent on molecule size and is referred to as the filtration-size threshold [10].
Molecules with an HD < 6 nm are typically filtered, while those > 8 nm are not typically
capable of glomerular filtration. Filtration of molecules within the intermediate range, 6-8
nm in HD, depends upon both size and charge of the particle. The filtration-size threshold
for globular proteins has been well studied and is generally accepted to be < 5 nm in HD.
For example, inulin (HD: 3 nm) achieves 100% renal filtration with a blood half life of only
9 minutes [12]. The relationship between protein size and clearance is further demonstrated
by antibody clearance data. The stabilized V region fragment of an antibody protein (HD: 4
nm) achieves 100% renal filtration with a serum half life of 5 minutes [13] as compared to
the antibody Fab’ fragment (HD: 6.0 nm) which achieves only 9% effective filtration into
the urine with a serum half-life of 28 minutes [5,14]. Additionally, clearance of antibody
fragments is more rapid that that of the full intact antibody, which is not efficiently filtered
and has a serum half-life up to many days.

Although the fate of globular proteins in the kidney provides an important framework for
understanding general properties of renal clearance, the physical properties of NPs differ
from those of proteins in several ways. NP shape, surface chemistry, and interior charge is
distinct and unlike proteins, which are heterogeneous and polydispersive, NPs can be
synthesized with near-spherical shape and identical surface chemistry [15]. Such differences
may lead to distinct renal handling of NPs compared to protein molecules. To evaluate the
effect of these characteristics on filtration-size threshold, clearance studies of PAMAM
dendrimer-based NPs with homogenous chemical properties and near-spherical shape were
conducted. Results showed that PAMAM dendrimers < 6 generations or about 5.4 nm in
diameter demonstrated effective glomerular filtration [16,17] (Figure 3). This filtration-size
threshold is similar to that of conventional molecules. Additionally, renal clearance studies
in mice using quantum dots revealed that renal excretion was observed for dots with HDs
ranging form 4.36-5.52 nm [3]. Quantum dots > 8 nm (HD = 8.65 nm) did not demonstrate
renal filtration but instead exhibited uptake in the reticuloendothelial system (RES) and lung
[3]. The relationship between HD, renal clearance, and total body retention was determined
to be sigmoidal with the 50% point for total body clearance at 4 h achieved with an HD of
5.5 nm [3]. Results of this study also suggests that the filtration-size threshold for of NPs
may comparable to proteins and other nano-sized molecules. With these data in mind it is
reasonable to conclude that NPs capable of being synthesized < 8 nm in diameter, such as
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dendrimers, fullerenes, carbon nanotubes, silica particles and quantum dots, can undergo
renal clearance if other modifiable parameters (surface charge and chemistry) are optimized
for this excretion pathway.

In addition to size, surface charge is also an important determinant of the renal handling of
nano-sized molecules. The effect of molecular charge on renal filtration is due to at least 2
factors: 1) potential interactions between charged molecules and serum proteins, resulting in
increased HD due to particle adsorption [3], and 2) interactions between charged molecules
and fixed charges within the glomerular capillary wall [10]. Studies using quantum dots as a
model for in vivo NP clearance revealed that purely anionic or cationic charge was
associated with agent adsorption by serum proteins [3]. Adsorption resulted in an increase in
the HD to > 15 nm, dramatically reducing renal filterability [3]. Neutralization of the NP
surface via PEGylation was shown to be effective in preventing serum protein adsorption;
however, it was reported that synthesizing a PEGylated QD with an HD < 10 nm was not
possible [3]. Therefore, PEGylation, also dramatically reduces particle renal filtration [3].
Interestingly, zwitterionic coatings were shown to prevent serum protein adsorption and
were associated with the highest solubility and smallest HD [3].

Studies evaluating the effect of molecular charge on glomerular filtration of similarly sized
molecules have shown that filtration is greatest for cationic molecules, followed by neutral
molecules, while anionic molecules are least readily filtered through the glomerular
capillary wall (Figure 2) [10,11]. Direct comparison of differently charged molecules with
respect to their glomerular filtration has been studied using a charge-modified Fab (HD: 6
nm), which was created by blocking branching amine residues with glycolate [18]. Weakly
anionic Fab showed drastically less filtration compared to weakly cationic Fab fragments
[18]. Charge-selective filtration is attributed to fixed negative charges within the capillary
wall [10]. Molecular charge is of particular significance for the filtration of molecules within
the 6-8 nm range, as these particles are not small enough to undergo charge-independent
filtration, yet may still be filtered if molecular charge is favorable.

The final step in renal processing occurs at the proximal tubule where filtered molecules
may be resorbed from the tubular fluid and previously unfiltered molecules may be actively
secreted into proximal tubule lumen. Particle behavior at the proximal tubule is an important
consideration because some molecules, such as glucose, achieve 100% resorption, negating
the effects of glomerular filtration, while other agents, such as heavy metals, are highly toxic
to proximal tubule cells and may potentially cause renal damage including acute tubule
necrosis, interstitial nephritis and even renal failure. Research evaluating NP/NM
reabsorption at the proximal tubule is currently limited. Studies by Kobayashi et al indicate
that some polyamine dendrimers may undergo proximal tubule reabsorption [Kobayashi,
2004 #81], but further investigation of this issue is needed to gain insight into the renal
toxicity profile of nano-sized particles. Evaluation of agent behavior at each step in renal
processing may lead to agents with optimal biocompatibility and clearance properties.

Hepatic Clearance
The hepatobiliary system represents the primary route of excretion for particles that do not
undergo renal clearance. The liver provides the critical function of catabolism and biliary
excretion of blood-borne particles as well as serves as an important site for the elimination
of foreign substances and particles through phagocytosis [19]. All NPs and NMs, which are
excreted via the biliary system, are catabolized first through hepatocytes. All physical or
chemical catabolites must be accounted for when considering total hepatic clearance.
Therefore, the hepatic clearance is more complex than renal clearance. Phagocytic Kupffer
cells have ciliated borders and stellate branches that serve as highly adapted mechanical
traps for the removal of unwanted substances from the blood including foreign colloidal or
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particulate substrates [19]. Kupffer cells possess numerous receptors for selective
endocytosis of opsonized particles (receptors for complement proteins and for the Fc part of
IgG) and are the primary site for iron transport and metabolism [19]. Hepatocytes also play
an important role in liver clearance through endocytosis and enzymatic breakdown of
foreign particles. Although the phagocytic capacity of hepatocytes is much less than that of
Kupffer cells, these cells represent an important physiologic pathway for foreign particle
processing and are a potential site for toxicity [19]. An important difference exists, however,
between hepatocytes and Kupffer cells. Hepatocytes are within the pathway for biliary
excretion and therefore particles processed by these cells are potentially excreted into the
bile. Kupffer cells are part of the RES and rely exclusively on intracellular degradation for
particle removal. Similar to all phagocytic cells of the RES, particles that are not broken
down by intracellular processes will remain within the cell and will therefore be retained by
the body.

One of the physiologic functions of the liver is to efficiently capture and eliminate particles
on the scale of 10-20 nm for the clearance of viruses and other small particles [3]. As a
result of this adaptation, agents within this size range often undergo rapid liver uptake [3].
To achieve adequate retention times, nanoparticles may require modification to prevent or
lessen opsonization. Molecular modification via PEGylation is a widely used mechanism to
decrease first-pass extraction and increase NP serum half-life. Interestingly, although uptake
of particles from the blood to the liver may occur relatively quickly, hepatic processing and
biliary excretion of these particles is relatively slow, often resulting in prolonged retention
of NPs within the liver parenchyma itself [3].

Nanoparticle Composition and Clearance
Each class of NP possesses a distinct chemical composition and possible range of sizes
(Figure 4). The characteristic properties of each distinct type of nanoparticle influence
pharamacokinetics and demonstrate that size is not the only determinant of in vivo behavior.
Next we discuss current research regarding the clearance of the various types of widely used
nano-sized particles with emphasis on molecules < 100 nm. Therefore, we did not include
some types of large NPs including nano-bubbles, emulsions, etc. because these NPs only be
cleared through the liver or RES.

Dendrimers
Macromolecular contrast agents were first developed for MR angiography (MRA) due to the
inability of conventional low molecular weight gadolinium (Gd)-(III) agents to provide
vessel opacification times adequate to permit MR imaging. Compared to conventional
agents, which demonstrate rapid equilibration with the EES and are quickly cleared by renal
filtration, macromolecular agents demonstrate prolonged vascular retention times, a trait that
was previously necessary for MR imaging [20]. Among the macromolecular agents,
dendrimers are a class of highly branched synthetic spherical polymers [15,21,22]. Two
commercially available types of dendrimers have been investigated well as imaging agents,
one type within the poly(propyleneime) (PPI) dendrimer series, consisting of a 1,4-
diaminobutane (DAB) core, and the other of the poly(amidoamine) (PAMAM) dendrimer
series possessing a 1,2-diaminoethane core. The defined structures and availability of the
surface amino groups of dendrimers has led to the development of dendrimer-conjugates
with a variety of chelates for use as MR contrast agents [15,24].

Given the small size of dendrimer NPs, 3-10 nm, it is not surprising that dynamic imaging
studies of dendrimer-based MR contrast agents (PAMAM-Gd-(III) conjugates) revealed that
renal excretion was the major route of clearance for dendrimer NPs functionalized with Gd
(III) and that renal clearance of dendrimer-based MR contrast agents was size dependent
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[25,26]. Studies comparing clearance of dendrimers with DAB and PAMAM cores have
shown that renal clearance of DAB-based agents was more rapid than that of PAMAM-
based agents of the same dendrimer generation [27]. However, greater than 60% of the
injected doses of the DAB-G3-, DAB-G2-, or PAMAM-G2-based contrast agents was
shown to be cleared from the body within 15 min after injection [27].

Although renal clearance has been shown to be the primary route of excretion for both DAB
and PAMAM dendrimers, when directly compated, DAB dendrimers demonstrated greater
liver accumulation compared to the same generation PAMAM-based NP [27]. However,
DAB-based agents demonstrated higher signal intensities than PAMAM agents in the
kidney, possibly indicating that these agents were retained within the kidney [27].
Interestingly, despite greater liver accumulation, DAB-G4 have been shown to be excreted
from the body faster than PAMAM-G4, indicating rapid hepatic uptake and excretion [27]
probably because the shorter interior structure of propylimine (PI) makes entire structure
physically smaller.

Gadomer-17 (Schering AG, Berlin, Germany) is a newer dendrimer, large enough to prevent
extensive leakage into the EES, yet, small enough to undergo effective renal clearance
[28,29]. Studies examining clearance of Gadomer-17 indicate that the agent is cleared via
glomerular filtration with a terminal phase half-life of 10 minutes in rabbits [29].

Inorganic biodegradable co-polymers
Clinical use of Gd-containing macromolecular agents has been limited by safety concerns
for the potential of prolonged exposure to free-unchelated Gd-(III). Clinically approved low-
molecular-weight contrast agents undergo more rapid elimination via renal filtration
compared to macromolecular agents. As a result, toxicity due to free Gd-(III) by
conventional agents has been considered to be negligible with the exception of patients in
renal failure, in whom tissue retention is possible [28]. Biodegradeable Gd-(III) containing
NPs have been developed to address the need for a contrast agent with clearance
characteristics similar to low-molecular-weight agents yet possessing vascular retention
characteristics comparable to macromolecular agents [30].

In vivo, biodegradable agents initially behave as macromolecular agents for blood-pool
imaging and then degrade to low-molecular weight complexes that are rapidly excreted by
the kidney [30]. Biodegradable contrast agents consist of polydisulfide Gd-(III) complexes
[31] and in vivo these disulfide bonds are readily degraded into smaller Gd(III) complexes
by endogenous thiols—including glutathione, cysteine, and homocysteine—via disulfide-
thiol exchange reaction [30-32]. The resulting smaller units are then cleared through renal
filtration [28,30,32]. Currently, biodegradable agents include Gd-DTPA cystamine
copolymers (GDCC), Gd-DTPA cystine copolymers (GDCP) and Gd-DTPA cystine, diethyl
ester copolymers (GDCEP) and each has been shown to demonstrate slightly different
biodegradability [30,32].

Pharmacokinetic studies comparing the anionic agent, GDCP, and the neutral agent,
GDCEP, to a similar nonbiodegradable macromolecular agent revealed that both GDCP and
GDCEP cleared more rapidly from the vascular compartment and the body than the
nonbiodegradable agent. This implies that degradation of the polydisulfide Gd-(III)
complexes begins immediately upon intravenous injection and that smaller Gd-(III)
complexes are rapidly excreted through renal filtration [30]. Neither of the biodegradable
agents demonstrated significant accumulation in bone, heart, or lung, but interestingly, much
higher accumulation was observed in the liver and spleen with the anionic GDCP than with
the GDCEP particle [30]. This may be due to decreased renal filtration of the anionic form.
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Quantum Dots
Quantum dots (QD) represent an emerging new class of probes for in vivo fluorescence
imaging. These semiconductor nanocrystals are capable of size-tunable light emission,
demonstrate superior brightness to organic dyes and fluorescent proteins, are resistant to
photobleaching, and have broad absorption spectra, which permits simultaneous excitation
of multi-color QDs with a single excitation source. Structurally, quantum dots possess a
core/shell architecture 2-8 nm in diameter with the size adjusted for the wavelength of
fluorescence emission desired [33]. However, QD size can increase dramatically, depending
on the coating layer surrounding the core. Currently there is considerable excitement
regarding the development of QDs for medical applications, however, since many contain
heavy metals such as cadmium and selenium, rapid clearance will likely be a prerequisite to
clinical use. Additionally, although plasma half-lives of QDs may be short, QD retention
within organs is another issue. Intravenously injected QDs have been shown to be detectable
in liver and kidney 28 days post injection [34] and within the lymph nodes and bone marrow
of mice 133 days after injection [35,36].

Studies examining the renal clearance of QDs have been recently been conducted as Choi et
al. defined the relationship between hydrodynamic diameter, renal clearance and total body
retention for quantum dots of difference sizes. The 50% point for total body clearance of
quantum dots at 4 h was determined to be an HD of approximately 5.5 nm. Serum half-life
of particles ranging from 4.36-8.65 nm was shown to correlate positively with size, ranging
from 48 min to 20 h. Data demonstrated that renal clearance was the primary excretion route
for dots with HD ranging from 4.36-5.52 nm with renal clearance decreasing with increasing
size. Larger quantum dots did not demonstrate renal clearance and instead accumulated in
the liver, lung, and spleen.

Choi et al also demonstrated that charge affected the renal clearance of QDs. Due to charge-
related adsorption by serum proteins, purely anionic or cationic charge increased
hydrodynamic diameter to > 15 nm. This increase in size significantly decreased the renal
clearance of these particles and likely shifted the route of excretion from the kidney to the
liver. Interestingly, zwitterionic coatings prevented serum protein adsorption—resulting in
improved renal filtration. Zwitterionic particles also had the highest solubility and smallest
hydrodynamic diameter. This data suggests that creating particles with zwitterionic surface
charges may be a useful approach to obtaining more favorable clearance properties in QDs
intended for clinical applications.

In addition to the kidney, the liver also has an important role in the clearance of bio-
conjugated or larger (> 8 nm) QDs. Fischer et al examined clearance of QDs is rats and
found that bovine serum albumin (BSA) conjugated to an organic coated QD hastened
clearance (0.59 +/− 0.16 mL min(−1) kg(−1) for unconjugated compared to 1.23 +/− 0.22
mL min(−1) kg(−1) for BSA conjugated) and resulted in significantly higher levels of liver
uptake [37]. Additionally, Schipper et al evaluated the clearance of commercially available
CdSe QDs of two sizes, 12 nm and 21 nm, and evaluated the effect of pegylation on
clearance. Both sizes demonstrated rapid uptake by the liver although pegylation was
associated with slightly slower uptake [38].

Carbon Nanoparticles
There is great interest regarding the use of carbon nanostructures such as C60 fullerenes and
nanotubes in medical therapeutics and imaging. Carbon nanostructures such as C60
fullerenes and shortened single-walled carbon nanotubes (SWNTs) have already
demonstrated considerable promise as contrast agents. Positive characteristics of these
particles include improved relaxivity compared to conventional contrast agents (when
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loaded with Gd-(III)), an outer carbon sheath that is easily functionalized for targeting, a
good track record of biocompatibility, and favorable lipophilicity and size for crossing cell
membranes for intracellular accumulation, since particles as small 1 nm can be synthesized
[39].

Within the field of MR imaging, Gd-(III)-containing metalofullerenes, or gadofullerenes,
show potential as a new generation of higher-performance contrast agents [40-44].
Confinement of the Gd-(III) within the fullerence cage prevents dissociation of toxic Gd
ions in vivo, therefore decreasing risk of toxicity [40]. In addition, specifically derivatized
Gd C60 nanoscale materials, with diameters of only 1nm, have been shown to have 20 times
the relaxivity of conventional MR imaging agents [40,44]. However, clinical
implementation of these compounds has been limited by their demonstrated RES
accumulation as well as by problems with spontaneous aggregation in vivo (observed with
polyhydoxylated fullerene derivatives) [45]. With these issues in mind, water-soluble
formulations that demonstrate renal excretion have recently been developed [42]. Studies
evaluating in vivo behavior of water-soluble Gd C60 60derivative, {Gd C60[C(COOH)2]10}
gadofullerenes, have shown that these agents demonstrate decreased RES uptake and
increased urinary excretion [42]. In these studies, particles were quickly detected in the
kidney and exhibited excretion via the bladder within 1 hr of injection [42]. The
development of a fullerene MR contrast agent excreted by the kidney represents an
important step in the development of clinically feasible carbon nanostructure-based contrast
agents [42].

Single-walled carbon nanotubes (SWNTs) are also emerging as an important class of
nanomaterials for molecular imaging. Due to their relative ease of synthesis compared to
metallofullerenes and the substantially greater relaxivity achieved by gadolinium-based
SWNT contrast agents compared to conventional contrast agents, SWNT-based contrast
agents will likely be an important development for MR imaging [39]. In addition, their
intrinsic near-infrared fluorescence makes SWNTs a promising optical agent as well [46].
SWNTs also have distinct Raman Spectroscopy signatures enabling their detection with yet
another type of detector. However, clinical implementation of SWNTs requires overcoming
the RES uptake associated with the lipophilicity of purely carbon NPs.

In vivo behavior of intravenously injected carbon nanotubes has been studied using
radiolabeling, isotope-ratio mass spectroscopy methods, and Raman scattering [46-48].
Singh et al evaluated the clearance of an intravenously administered water-soluble carbon
nanotube radiotracer consisting of a chemically functionalized SWNT covalently linked
to 111Indium [47]. Gamma scintigraphy data revealed that functionalized SWNTs
demonstrated rapid removal from the systemic circulation through renal clearance [47]. The
particle half-life was found to be 3 h without any agent retention in the RES [47]. In
addition, urine excretion studies have revealed that both functionalized SWNTs and
multiwalled nanotubes are excreted as intact nanotubes [47]. It is noteworthy that clearance
studies involving pristine single-walled carbon nanotubes have shown significant RES
tropism and liver accumulation of these particles (attributed to the lipophilicity of the carbon
atoms), while chemically functionalized SWNTs have demonstrated renal clearance with
insignificant RES uptake [46]. Further clearance studies are needed to assess the influence
of chemical functionalization on SWNTs tissue tropism and clearance.

Liposomes
Liposome-based nanoparticles have been successfully used for the delivery of anti-cancer
drugs, enzymes, proteins, and imaging contrast agents. There are three classes of liposomes:
unilamellar vesicles of 25 – 50 nm in size, large unilamellar vesicles and multi-lamellar
vesicles consisting of several lipid layers separated by aqueous fluid [49,50]. Liposomal
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clearance has been shown to be governed by vesicle opsonization by serum proteins and
subsequent uptake by the RES [51]. As a result factors affecting liposome opsonization
including, particle charge, size, and membrane composition, are important determinants in
liposome clearance [51].

Evidence indicates that serum protein opsonization of liposomes directs vesicles towards
phagocytosis by cells of the RES [51]. It is thought that serum complement protein
attachment to the liposomal surface during circulation leads to efficient clearance by
phagocytic cells [51]. Studies have shown an inverse relationship between serum protein
binding and clearance time, as liposomes with more extensive serum protein interactions are
cleared more rapidly from the circulation compared to liposomes with less opsonization by
serum proteins [51,52]. Among the different type of serum opsonins, the complement
system has been identified as a key effector of liposome clearance [51,52]. Interestingly,
both anionic and cationic liposomes have been shown to activate the complement system
whereas neutral vesicles have not been shown to cause complement activation [53]. The
described clearance mechanism of liposomes is likely due to complement-mediated
phagocytosis by Kupffer and endothelial cells of the liver as well as other phagocytic cells
of the RES [54].

In addition to opsonization, vesicle diameter and lipid composition are important
determinants in liposome clearance as studies have shown that increased size was associated
with more rapid clearance from circulation [51,55]. Studies suggest that the significance of
size is related to the extent of opsonins bound to the liposome surface [51,55]. Larger
liposomes have more extensive opsonin binding, which results in enhanced uptake via liver
phagocytosis [51,56]. Liposome composition also affects vesicle clearance. Interestingly, a
synergistic relationship between cholesterol content and hepatic clearance of medium (400
nm) and large (800 nm) liposomes has been established however, no relationship has been
identified between cholesterol content and clearance rate for smaller vesicle sizes (43,[57].
Additionally, data indicates that taking into account both size and cholesterol content results
in more accurate prediction of liposome clearance than either parameter alone [57].

Studies evaluating the clearance of liposomes for imaging applications specifically, have
included evaluation of the pharmacokinetics and biodistribution of liposome encapsulated
MR and CT agents following intravenous administration in mice [58]. Agents consisting of
liposome encapsulated iohexol, a conventional iodine-based CT agent and liposome
encapsulated gadoteridol, a conventional gadolinum-based MR agent, demonstrated that
circulation half-lives were 18.4 ± 2.4 h and 18.1 ± 5.1 h for each agent, respectively [58].
Total plasma clearance rate was 0.00219 mL/h/g for liposomal iohexol and 0.00206 for
liposomal gadoteridol [58]. Comparison of liposomal encapsulated agents to free agents
revealed that liposome encapsulation significantly increased circulation half-life. Liposomal
iohexol demonstrated enhanced elimination in the kidney and the spleen compared to
liposomal gadoteridol [58], possibly due to known differences in clearance mechanisms of
the individual contrast agents in the kidneys [59,60].

Gold Nanoparticles
Due to its inert nature, extreme resistance to oxidation, and considerable biocompatibility,
gold represents an attractive metal for nanoparticle development. Metallic colloidal gold
nanoparticles are widely used and are available in a variety of different forms and sizes.
Recent studies have focused on the application of gold NPs as radio-opaque contrast agents,
in place of the traditional iodinated molecules dissolved in liquids [61]. Additionally, gold-
coated nanoshells represent promising optical imaging agents due to their tunable plasmon
resonance, which enables particles to be specifically designed to match the wavelength
desired for a particular application [62]. Gold nanoparticles currently in use vary in size and
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include particles 1.9 nm in diameter (ultrasmall gold nanoparticles) for X-ray contrast, ≤ 40
nm in diameter for gold-gold sulfide nanoshells, and 50-500 nm in diameter for silica-gold
core-shell nanoshells [61,63,64]. One notable advantage of gold NPs is that the surface
charge is easily modified for more favorable excretion properties. Proteins spontaneously
chemisorb to gold surfaces when incubated with metal at or slightly basic to their isoelectric
point and more stable bonds can be created by utilizing the self-assembling properties of
proteins with thiol/disulfide bonds onto gold surfaces to create a dense network of thiol/
disulfide sulfhydryl moieties that can be easily functionalized to achieve optimal excretion
surface chemistry [62].

The excretion of ultrasmall gold nanoparticles 1.9 nm in diameter developed for use as X-
ray contrast agents has been studied in mice [61]. Studies demonstrated that serum gold
concentration decreased in a biphasic manner, with a 50% drop between 2 min and 10 min
followed by a slower decrement of another 50% between 15 min and 1.4 h [61]. In addition,
the highest tissue concentration 15 min after injection was achieved in the kidney with
whole body gold clearance of 77.5% of the total injected gold after 5 h [61]. These studies
suggest that the kidney is the primary site for clearance of these particles.

A study conducted by De Jong et al. examined the influence of gold colloid particle size on
tissue distribution in rats and revealed that size was a key determinant of in vivo particle
distribution. The study measured end-organ particle content of spherical gold colloid
nanoparticles (measuring 50, 100, and 250 nm in diameter) 24 h after intravenous injection
[65]. The smallest particle studied (10 nm) demonstrated the most widespread tissue
distribution at 24 h after injection. In contrast to the larger particles, the 10 nm particles
were detected in all of the evaluated organs [65]. Comparison of organ particle deposition
between large and small particles revealed that particle deposition for the 10 nm particle was
greatest in the liver, followed by blood, spleen, kidney, lungs, brain, reproductive organs,
thymus and heart; whereas the 50, 100 and 250 nm particles were only significantly
deposited in the liver, spleen and blood [65]. However, the majority of the nanoparticles
accumulated in the liver, irrespective of size [65]. Notably, the study did not directly
evaluate clearance and did not measure urine particle losses, so kidney particle levels reflect
NPs present in the kidney at the time of harvesting rather than levels that may have been
cleared by the kidneys. However, the predominance of liver accumulation suggests that the
hepatobiliary system was the primary site for agent clearance for NPs from 10-250 nm.

Several new gold nanoparticles have recently emerged, including gold nanocages. Currently,
the smallest gold nanocage is approximately 40 nm in diameter with a wall thickness of 3.3
nm [66]. Studies examining clearance of gold nanocages are currently lacking and it is
assumed that they behave similarly to conventional gold colloids; however, experimental
data is needed to validate this assumption [66]. The creation of readily administrable
nontoxic gold nanoparticles with optimal in vivo pharmacokinetic properties will have a
significant effect on future advances in the development of nanoscale imaging [67]

Magnetic Nanoparticles
Magnetic nanoparticles (MNPs) are currently available as contrast agents for MRI and
possess great potential for use in drug-delivery tracking. MNPs differ from traditional
ferromagnetic particles in that they possess no magnetic properties outside an external
magnetic field [68]. MNPs demonstrate specific-uptake by the monocyte-macrophage
system, and are therefore widely evaluated MRI markers for the diagnosis of inflammatory
and degenerative disorders associated with high macrophage activity [69]. Currently, there
are two types of MNPs used in medical imaging: 1) superparamagnetic iron oxide (SPIO)
particles with a mean HD of > 50 nm, including the feruxomides (Endorem [Guerbet
Villepinte, France] or Feridex IV [Advanced Magnetics, Cambridge, MA] and 2) ultrasmall
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superparamagnetic iron oxide (USPIO) particles with an HD < 50 nm, such as
Ferumoxtran-10 (Advanced Magnetics, Cambridge, MA) [70].

Given intravenously, iron oxide nanoparticles are primarily cleared from the blood by the
RES. The blood half-lives of the various iron oxide nanoparticles currently in clinical use
vary from 1 h to 24-36 h [69]. However, specific biodistribution and clearance parameters
depend on particle properties such as surface characteristics, shape, and size [71]. For
example, USPIOs demonstrate biodistribution to lymph nodes in addition to the RES,
whereas SPIOs do not have significant lymph node localization. [72]. Interestingly
Neurberger et al. demonstrated that larger-sized MNPs are eliminated from the bloodstream
faster than smaller-sized particles.

Typical MNPs have a dextran or starch coating that acts as a stabilizing agent to form a
water-dispersible system [72]. It is noteworthy, however, that differences in coating
chemistry impact opsonizationization with resulting effects on biodistribution and clearance
[72]. Use of coating materials such as Pluronic and polyethylene glycol are known to inhibit
opsonization of injected particles and may be used to selectively minimize RES uptake [72].
Pharmacokinetic studies of an iron oxide nanoparticle coated with oleic acid and Pluronic
(BASF Corp., Mt. Olive, NJ) and an HD of 193 nm in rats revealed that 55% of the injected
dose of iron localized in the liver compared to 75% observed with typical dextran coatings
[72]. The importance of coating is further emphasized by data that has demonstrated that
coating material characteristics have a more significant affect on biodistribution and blood
half-life than particle size for iron oxide MNPs < 40 nm [73].

Interestingly, iron particles and coating materials may undergo different clearance
mechanisms. Studies examining the clearance of the USPIO, Ferumoxtran-10 (Advanced
Magnetics, Cambridge, MA), a 30 nm in diameter MNP with an iron oxide core coated with
low molecular weight dextran, demonstrated that the dextran coating undergoes progressive
degradation and was almost exclusively eliminated in the urine (89% in 56 days), with only
a small amount excreted in the feces [74]. The iron contained in Ferumoxtran-10 was
incorporated into the body iron stores and was later found in red blood cells in the form of
hemoglobin [74]. Similar to endogenous iron, it was eliminated very slowly as evidenced by
only 16-21% elimination after 84 days via hepatobiliary excretion (<1% urinary excretion)
[74]. Similar behavior has been reported for SPIO feruxomides [74].

Intracellular metabolism plays an important role in the removal of MNPs by the liver [69].
Kupffer cells in the liver are the primary site for intracellular iron metabolism and the rate of
metabolism is in part dependent on the concentration of iron oxide taken up by each cell
type [72]. As a result, the rate of iron oxide metabolism in the liver is assumed to be a
function of the dose injected, percent initially taken up, and the cellular distribution in the
liver [72,75]. Interestingly, smaller iron oxide particles have been shown to undergo
metabolism equally in hepatocytes and macrophages [Briley-Saebo, 2004 #29]. This is
important since both concentration and specific distribution within the liver cells are thought
to influence rate of liver metabolism [72].

Silica
New NPs are constantly emerging and the clinical viability of these agents will certainly
depend on their biocompatibility and clearance characteristics. Among the newer NPs, silica
is a promising material for the development of bio-compatible particles. Dye-doped silica
nanoparticles are emerging optical imaging agents, ranging from a few nanometers to over
100 nm in diameter [76]. Advantages to dye-doped silica NPs include high emission
intensity, excellent photostability, water solubility, and an easily modifiable surface [76].
Mesoporous silica nanospheres represent another silica-based emerging NP. Mesoporous
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materials represent an ideal platform for MR-enhancing hybrid materials due to their high
surface areas and tunable pore sizes [77]. Mesoporous silica NPs loaded with Gd-(III) have
been developed as effective MR contrast agents [77]. The development of porous
nanoparticles that allow ready access of water molecules to magnetic centers is an important
step in the development of nanoparticle contrast agents for MR imaging [77]. Unfortunately,
clearance studies of silica-based NPs have not yet been reported. However, such studies will
provide important information regarding the behavior of these particles in vivo as well as
provide insight into the clinical viability of silica-based particles.

Conclusion
Nanoparticles represent a promising technology for the detection and treatment of human
diseases such as inflammatory conditions and cancer. Yet this field poses many new
questions regarding the pharmacokinetic behavior and safety of nanometer sized particles
within living systems. In standard practice, the US Food and Drug Administration requires
that agents administered for diagnostic purposes be cleared completely from the human
body within a reasonable time period [3]. This is a prudent approach given that the time
required for total body clearance is directly related to total agent exposure. Although
nanoparticles are known for their wide variability in shape, size, and chemistry, trends
regarding particle clearance do seem to be generalizable despite particle differences. Given
that renal filtration represents the ideal route for NP removal from the body, this review
demonstrates particles may be optimized to increase renal clearance by modifications
including size < 6 nm and zwitterionic or cationic surface charge [3]. Additionally, future
research exploring alternative mechanisms for the removal of nanoparticles, such as by
intracellular degradation may, lead to the utilization of currently unexploited pathways for
particle clearance.

Clearance of metal-containing nanoparticles is an especially important consideration due to
agent toxicity and potential for interference with other diagnostic imaging modalities. Metal
nanoparticles may interfere with X-ray imaging due of changes in linear attenuation
coefficient, magnetic resonance imaging because of proton-free voids, ultrasound because of
increased echogenicity, and possibly even single photon emission computed tomography
and positron emission tomography (PET) because of photon attenuation [3]. In addition,
metal-containing nanoparticles require a solubilizing organic coating for biological
compatibility, which increases HD and results in increased retention times [3].

Given that particle elimination continues to limit progress towards the clinical use of many
of the emerging nanoparticles developed for imaging applications, a comprehensive
understanding of the basic determinants of nanoparticle clearance from the human body
would be of tremendous benefit as this would permit more expeditous development of
particles capable of renal clearance as well as permit the optimization of agents excretion via
the hepatobiliary pathway. With this said, however, given the wide variation in particle
material, size, and surface coating, it is likely that agent specific clearance studies will also
be required.

Future Perspective
Harnessing the ability to synthesize molecules in a highly controlled manner,
nanotechnology possesses great potential for the creation of designer agents with highly
specific architechture. The application of nanotechnology to clinical medicine, referred to as
nanomedicine, requires synthesizing nanoparticles with optimal in vivo characteristics.
Research evaluating the relationship between nanoparticle characteristics and in vivo
kinetics and excretion, as described in this review, is critical for the clinical implementation
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of various nanoparticles. Utilization of this information will aid in the creation of
biocompaticle and clinically feasible nanoparticles and will therefore contribute to the
advancement of the field of nanomedicine.

Excutive Summary
- physiologic clearance of nano-sized reagents from the body

- behavior of nano-sized agents within the vascular system

- renal physiology and clearance of nano-sized agents

- hepatic physiology and clearance of nano-sized agents

- clearance of various nano-materials

- clearance of inorganic nano-materials

- clearance of biodegradeble nano-materials

- clearance of carbon-based nano-materials

- clearance of metal-based nano-crystals

- clearance of silica nano-particles
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Figure 1.
2D-T1 weighted MR images of kidneys with acute tubular dysfunction (a) and normal
function (b) are shown. Glomerular filtration (white arrows) is shown in the kidney when the
tubular function is completely impaired (a) and tubular concentration function (black
arrows) and urinary excretion (*) are shown in the normal functioning kidney (b).
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Figure 2.
Renal handling of nanoparticles of different sizes and charges. Circulating nanoparticles
enter the glomerular capillary bed via the afferent arteriole. A) The glomerular capillary wall
is composed of three layers: fenestrated endothelium; the highly negatively charged
glomerular basement membrane (GBM); and podocyte extensions of glomerular epithelial
cells. Glomerular filtrate flows through the fenestrate, across the GBM, and through
filtration slits formed by spaces between podocyte extensions. The primary size barrier is the
filtration slit, which has a physiologic pore size of 4.5-5 nm. Nanoparticles < 6 nm (red) are
small enough to be freely filtered, irrespectively of molecular charge. However, glomerular
filtration of particles between 6-8 nm (purple) is dependent on charge interactions between
the intermediate sized particles and the negative charges of the GBM. Therefore, positively
particles are more readily filtered than equally sized negatively charged particles. Due to
size limitations, particles > 8 nm do not undergo glomerular filtration. After glomerular
filtration, filtered nanoparticles enter the proximal tubule. B) Within the proximal tubule,
nanoparticles may be resorbed from the luminal space. Since the brush border of the
proximal tubule epithelial cells is negatively charged, positively charged particles are more
readily resorbed than comparable negatively charged particles.
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Figure 3.
3D-maximum intensity projection display of T1-weighted MR images of the abdomen at 15
min post-injection for G9, G8, G7, and G6 and at 3 min after injection for G5, G4, G3, G2,
and DTPA are shown. Kidneys are shown with agents of G5 (8 nm in diameter) or smaller.
Blood pool is clearly depicted G5 (8 nm) and G4 (5 nm) at 3 min post-injection because of
partial and slow glomerular filtration. Kidneys are not shown with agents G6 (9 nm in
diameter) or larger even at 15 min post-injection. Intensities in the liver increase as the agent
sizes increase.
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Figure 4.
Comparison of sizes of various nanoparticles. Chemical composition and size range are
defining features for nanoparticles. Both characteristics are important determinants of
nanoparticle in vivo behavior and clearance properties.
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